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ABSTRACT 
The time-consuming traditional methods of determining soil 
density and moisture content have been widely replaced by more 
advanced techniques using radioactive isotopes such as cesium, 
americium and beryllium. 
To ensure the validity and accuracy of the results from a nu-
clear gauge unit designed by Campbell Pacific Nuclear Corporation, 
a conventional standard test, the sand cone replacement method, was 
used in tandem with the nuclear instrument for the density and mois-
ture content determination in sand and clay at different sites. The 
results of the two methods of measurement agree within close limits. 
An empirical equation was derived to correlate the data gathered from 
the nuclear gauge tests by using the least squares technique. 
A considerable discrepancy was observed when density tests by 
the nuclear gauge were performed on ·asphaltic concrete and concrete. 
The deviation from the actual values were attributed to the roughness 
and heterogeneities of the surface on the tested materials, and also 
to the influence of soil or other materials underneath the thickness 
of the layer being tested. 
In conclusion, the use of the nuclear device is mostly recom-
mended for density and moisture content of soils although results from 
testing on asphaltic concrete and concrete may be eventually improved 
on smooth and uniform surfaces of sufficiently thick materials. 
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CHAPTER I 
INTRODUCTION 
In an earthwork construction, after the spreading of the fill 
by the graders, the layer is compacted by using various types of 
equipment, including hand-operated tampers, pneumatic (rubber-tired) 
rollers, vibrating smooth-wheel rollers, sheepfoot rollers, etc. 
Compaction is the most obvious and simple way of increasing the 
stability and supporting capacity of soil. It is defined as the 
process of augmenting soil unit weight by forcing soil solids into 
a tighter state and reducing the air voids. Since the main objective 
of compaction is to achieve a considerable improvement of the engi-
neering properties (permeability, compressibility, shear strength) 
of the soil mass, the field geotechnical engineer supervising the 
job has to ensure that the results obtained from the compaction and 
stabilization operations agree with the specifications of the 
contract. 
When a strict and accurate compaction control is enforced 
during the execution of a project, there are several advantages which 
occur. Failure risks are reduced substantially in the soil mass. 
Detrimental settlements can be diminished or prevented. Soil 
strength and slope stability increase. Pavement subgrades quality 
may be improved with a greater bearing capacity . . Undesirable 
2 
volume changes, for example, caused by frost action, swelling, and 
shrinkage may also be efficiently controlled .. 
Dry density and water content correlate well with the engineering 
properties, and thus they are convenient construction control para-
meters. Traditionally, and still nowadays in many American states 
and foreign countries, the control and laboratory technicians had 
to determine the dry density and moisture content of each layer by 
using the so-called destructive field tests, such as the water-
balloon method, the sand cone replacement technique or the oil 
method. The results will take hours to be available (several hours 
or overnight according to American Society for Testing and Materials 
(ASTM), often holding up the costly moving equipment (ASTM, 1980). 
Time is of the utmost value on a compaction job, and if it takes a 
day or even several hours before the results are known, a great number 
of lifts of fill may be placed or compacted over a bad or failing test 
area. Another major problem with destructive field tests involves the 
determination of the excavated material. The sand cone, often taken 
as the standard test, is not always infallible. For instance, vi-
bration from nearby working equipment may increase the density of 
the sand in the hole, which gives a lower field density. Further-
more, all of the common volumetric techniques are subject to errors 
if the compacted fill is gravel or co~tains coarse and large gravel 
particles. Any kind of evenness in the walls of the hole will 
generate a significant error in the balloon method, while acute, 
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sharp aggregates may also tear the rubber, causing the leakage of 
the water. If the soil is coarse sand or gravel, none of the liquid 
methods work well unless the hole is very large and a polyethylene 
sheet is used to contain water or oil. 
Because of the problems related to destructive field tests, 
nuclear testing using radioacti~e isotopes has gained popularity 
during the past few years since advances in technology have fortunate-
ly allowed the utilization of nuclear gauges. These devices found 
quick acceptance on a problem long plaguing contractors concerned 
with compaction of highways, embankments, parking areas, streets, 
airfields, fills (rock or soil) used as foundations for residential and 
retaining walls, and other construction works requiring close and 
strict control of soils, such as earth dams or other earth structures. 
The present research project will first focus on a literature 
review about nuclear density and moisture content gauges. Then, 
some principles of nuclear physics relative to soil measurements 
will be exposed for a better understanding of the equipment to be 
used. Data obtained from an experimental investigation using a 
nuclear gauge and a conventional standard test will be analyzed. The 
traditional method used in the elaboration of this study is the sand 
cone method and the nuclear gauge is the MC-1 portaprobe designed 
by Campbell Pacific Nuclear (CPN) Corporation. A computer program, 
based on the least squares technique for fitting a curve between 
a given set of data points and implemented on Tektronix 4051, will 
provide eventual correlation or discrepancy between the results of 
4 
the two methods. Another . program, also elaborated on Tektronix 
4051, allows the quick determination of density and moisture content 
from the nuclear gauge readings as an alternative for using the tables 
or calibration charts. Both programs are listed in Appendix B. The 
accuracy and significance of the nuclear gauge data from the various 
materials surveyed such as soils, asphaltic concrete and concrete, 
will be defined. 
CHAPTER II 
LITERATURE REVIEW AND 
HISTORY OF EQUIPMENT DEVELOPMENT 
As early as in 1941, a paper by Pontecorvo described the 
basic process used in today's nuclear gauge. The instrument was 
originally developed to be used in petroleum exploration and 
consisted of a neutron source and ionization chamber, which, when 
lowered into a borehole, produced a neutron log capable of indicating 
possible fluid-bearing zones in the rocks surrounding the hole. 
Eight years later, Pieper (1949), in his thesis at Cornell 
University, reported on the measurement of the moisture content by 
use of a fast neutron source and indium foil as a thermal neutron 
detector. 
In 1950, Blecher et al. reported on research for the Civil 
Aeronautics Administration on measurement of soil moisture and 
density by subsurface-type neutron and gamma-ray scattering 
instruments. The same authors reported in 1952 on the first type 
of instrument used for measuring soil moisture and density in thin 
layers of soil. 
Also at Cornell University, Yates (1950) and Kruger (1950) 
presented their theses on the measurement of soil moisture by 
neutron scattering and soil density by gamma ray scattering, 
respectively. 
5 
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The next year, Gardne~ (1951), from Iowa State College, prepared 
a thesis on determination of soil moisture by neutron scattering. 
The same year in Canada, Spinks et al. (1951) also described this 
method for determination of soil moisture. 
A paper by Gardner and Kirkman (1952) of Iowa State College, 
and two papers published in Belgium by Huyghe and Mortier (1952) 
and Mortier et al. (1952) described the latest research and equipment 
for the neutron scattering technique of measuring soil moisture. 
In 1952, a subsurface nuclear density gauge was actually purchased 
in Portugal. 
Also in 1952, ASTM Committee D-18 held their first symposium 
on the use of radioisotopes in soil mechanics applications. Papers 
presented at this symposium summarized early research in the United 
States and Canada on the design and use of nuclear gauges for 
measurements of moisture content and density of soils. 
In 1953, Hood, from North Carolina State College, also prepared 
a thesis describing the nuclear gauge equipment and the techniques 
for soil moisture measurement. One of the earliest reports by the 
Highway Research Board was realized by Horonjeff and Goldberg (1953). 
This report described field measurement of soil moisture and density 
and noted that readings by the nuclear gauges were reproducible 
and consistent, but were in error by as much as 25 percent when they 
were compared to the same measurements made by conventional methods. 
Sharpe (1953) in England and Holmes (1956) in Australia presented 
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soil moisture measurements by neutron scattering. Sharpe improved 
the indium foil technique by changing the design to include a 
slow-neutron counter tube. 
A thesis by Stone (1956), from Iowa State College, proposed 
the use of a paraffin shield for serving as a calibrating standard 
and the use of glow transfer tubes for count determination. Also 
in 1956, the U.S. Army Corps of Engineers, Ohio River Division, 
contracted with Nuclear-Chicago Corporation to design a subsurface 
nuclear moisture and density meter. 
A subsurface nuclear moisture meter was purchased in Australia 
for the first time in 1956. The first surface-density meter was 
sold to Portugal in 1957, and the first surface moisture meter was 
sold to New Zealand in 1958. Subsurface-type nuclear moisture 
and density meters were available for the first time in 1957, while 
surf ace-type nuclear moisture and density meters were available in 
1959. The nuclear moisture-density combination meter was first 
available in 1960, according to the sources from foreign manufacturers. 
In 1960, ASTM Committee D-18 held a second sympostum on nuclear 
gauge method. A paper by Carlton (1960) was the first one to 
describe a complete surface-type nuclear meter, and a paper by Burns 
(1960) discussed the use of artificial media, instead of actual 
soils, for the calibration of moisture meters. 
That same year, A.C. Meigh and B.O. Skipp (1960) proposed a 
gamma ray and neutron method allowing the determination of soil 
8 
density and moisture content. The nuclear methods were reviewed, 
the theory was outlined and the performance was discussed. An 
137 instrument, using a Cs gamma source to measure bulk densities 
in boreholes, was described and an example was given on a large 
airfield construction job at Palisadoes Airport, Jamaica. The 
average depth of each probing was about 20 feet and the deepest 
probing reached 50 feet . The paper also attempted to go through 
the principles and recent work carried out by the author's company 
to develop a combined moisture content and density gauge for surf ace 
measurements using either a 3 millicurie or 10 millicurie 137cs 
source mounted in a probe. The calibration curves for depths below 
surf ace of the source at six inches and nine inches indicate that 
accuracies of + 1.5-2% could be achieved in the measurement of bulk 
density by the dual function device. 
A special article published in World Construction in November 
1961, illustrated a nuclear gauge testing unit (Figure 1) which 
was used to speedily tell the inspector or the construction super-
visor whether an earth grade had been compacted to specified 
density, and wheter the moisture content was within the specified 
range. Manufactured under license py Instrument Manufacturing 
Corporation, 7 Plimstead, Cape Province, South Africa, the device 
irradiated a small test area with a radium beryllium istope source, 
giving off neutrons and gamma rays. For measuring moisture, the 
instrument relied on the fact that hydrogen slows down these neutrons 
De th densit 
pulses 
H.V. input 
Geiger 
tube 
gamma 
source 
9 
Pensit:y pulses 
Moisture pulses 
H.V. input 
BF3 preamp. 
Radium-
Beryll ium 
isotope 
gammas 
source 
Depth moisture 
pulses 
H.V. input 
preamp. 
Slow 
Fast 
neutrons 
Fig. 1. Graphical representation of radiation backscatter. 
("Nuclear Soil Testing Gauge: Boon to Earthwork Contractors," 
November 1961). 
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and reflected them where they were picked up and counted; the 
results were displayed visually. To measure density, the intensity 
of the gamma radiation was reflected from the soil and recorded, 
the two values being inversely proportional. 
In 1965, Highway Research Record dedicated the major part of 
its No. 66 publication to some drawbacks and features in the prac-
tical application of the nuclear backscatter method for density 
measurements. In the first article, S.H. Kuhn (1965) analyzed the 
laboratory and field investigations carried out to improve the 
moisture content and density control in highway construction. 
Various factors were studied, including the effective depth of 
measurements, effects of source (15 millicuries cesium-137) energy. 
Also, the test materials were selected to represent extreme vari-
ations in the effect of soil type; the reference materials, covering 
a wide range of density, consisted of hardboard, sandstone, 
aluminum and granite. It appeared, from other interesting results, 
that the direct transmission method and the air gap or count 
ratio method could, under certain circumstances, be used with 
advantage to calibrate for the effect of soil type, and provide, 
furthermore, a means by which the density gradient of a soil layer 
could be established. 
The second study of this important No. 66 of Highway Research 
Record was the work of H.H. Ralston and M.C. Anday (1965). Entitled 
"Nuclear Measurement of Soil Properties," it outlined the perfor-
mances and the results of the investigation of three commercially 
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available nuclear devices A, B, and C for the measurements of soil 
density and moisture content. The research was divided into three 
phases: (a) an equipment and geometry evaluation, including pre-
cision testing of the device itself, depth and area of influence 
determinations, and evaluation of the effect of air voids under 
the probe; (b) an attempt to calibrate the devices on representa-
tion subgrade and base course materials from construction projects 
in Virginia; and (c) field testing of the devices on construction 
projects throughout the state of Virginia. Densities and moisture 
contents obtained with the nuclear devices were compared with 
those obtained by conventional water-balloon method, as represented 
in Table 1. 
The last of this series of papers, by V. Worona and W. Gunderman 
(1965), "Field Evaluation of Nuclear Gauges in Compaction Control," 
was designed to evaluate nuclear density-moisture gauges under 
actual field conditions. A preliminary evaluation of one Nuclear-
Chicago density-moisture system showed favorable results, hence a 
more extensive study was conducted with 11 additional nuclear gauges. 
A complete density-moisture unit was assigned to each of Pennsylvania's 
engineering districts and used in the field for one full year, and 
the results were compared to the sand cone method (Figure 2) for 
determining soil density, and the oven-drying and speedy moisture 
methods for determining moisture content. Test results were compiled 
and tabulated by IBM 650 data processing machine. Tabulations were 
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Fig. 2. Some methods for determining density in the field. 
(Holtz and Kovacs, 1981). 
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requested to isolate variables affecting correlation of nuclear to 
sand cone results. These variables are soil type, soil gradation, 
construction type (embankment, soil cement, sub-base) and different 
density-moisture systems. Standard deviations were computed for 
grouped test to determine the repeatability of both methods for 
measuring moisture and densities of construction materials, as shuwn 
in Table 2. 
In 1966, K. Preiss discussed the nuclear reactions which gamma 
radiation may undergo in a material of median atomic weight, such as 
soil and related them to the properties of backscattering density 
gauges. Theoretical reasoning and experimental evidence were pre-
sented to show that the effect of the chemical composition of the 
material might be eliminated when: (a) the detector "sees" material 
near the source, and (b) photons of energy below 0.1 MeV are not 
detected. The latter might be achieved with a scintillation counter 
and pulse selector or by placing iron fillers in front of a Geiger-
Muller tube. The geometry defined by (a) caused the peak in the 
calibration curve to move to a density so high that the count rate 
became a unique measure of density, rising over the entire range of 
density from 0 to 160 pcf. Errors in the density readings due to 
the statistics of nuclear counting and surface roughness were also 
emphasized. 
The same year, P.C. Todor and W. Gartner, Jr. (1966), of the 
Florida State Road Department, evaluated the direct transmission 
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method for measuring in-place densities of soils by a nuclear device 
manufactured by Troxler Electronic Laboratories of Raleigh, North 
Carolina. The conclusions obtained from their study were of the 
greatest importance because: (1) the direct transmission-type 
nuclear density (Figure 3) gauge was provetl to be more accurate 
and much faster than conven 
transmission principles see 
calibration curves, and the 
was a single calibration cu 
tested and independent of d 
and (3) the nuclear equipme 
neers conducting the reseal 
inherent speed provided a 
of repeated density tests ~ 
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A report published in 1967 by C.S. Hughes and M.C. Anday (1967) 
summarized the "Correlation and Conference of Portable Nuclear 
Density and Moisture Systems." The correlation and conference had 
two phases: (a) the determination of the calibration curves for 
each device on prepared standards, and (b) field testing on a test 
road especially prepared for this goal. Its purposes were to compare 
the results obtained by the various portable nuclear systems used 
to measure densities and moisture content of soils and aggregates, 
to attempt to reconcile any differences that might be found among 
the various systems, and to give those interested in conducting 
19 
Source--
(a) 
(b) 
(c) 
o~tectors 
~ 
Gage 
Detectors 
----
Gage 
/ 
Detectors 
Fig. 3. Nuclear density and water content determination, 
(a) direct transmission, (b) backscatter, and (c) air gap. (Holtz 
and Kovacs, 1981). 
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research with nuclear density and moisture apparatus the opportunity 
of having auxiliary experiments under controlled field conditions. 
A great deal of information could be gleaned from the voluminous 
data obtained during the study by about 30 pages. From the abun-
dant amount of conclusions, the two following points should be 
recalled: (1) field testing using backscatter technique showed 
standard deviations among gauge averages when measuring wet density 
of the same material might be as high as 5.3 pcf while (2) field 
testing employing the direct transmission technique, for a limited 
number of measurements at a six-inch depth, the standard deviation 
might be as high as 3.5 pcf. 
Also published in Highway Research Record, R.P. Gardner (1969) 
identified the sensitivity to variations in sample composition, the 
poor calibration techniques, and the sensitivity to surface 
heterogeneities as sources of error in nuclear soil density 
gauges. Errors associated with nuclear moisture content gauges 
were identified as sensitivity to soil composition and soil 
density, and poor calibration techniques. Several approaches 
were evaluated for minimizing these sources of error, including 
mathematical analyses of the nuclear gauging principles, the cali-
bration model method, and the dual gauge principle for nuclear densi-
ty gauges. The primary source of error for the gamma ray density was 
found to be sensitivity to soil composition. Mathematical model 
studies of the gamma ray density gauge indicated that changes in any 
21 
single gauge design parameter minimized errors caused by variations 
in soil composition only at the expense of increasing errors caused 
by surface heterogeneities. The mathematical analysis of neutron 
soil moisture gauges had only limited success; the calibration model 
revealed, however, some promise for minimizing sources of error 
for the neutron moisture gauges and the dual gauge principle for the 
gamma ray density gauges. 
During a symposium on evaluation of relative density and its 
role in geotechnical projects involving cohesionless soils presented 
at the 75th Annual Meeting of the American Society for Testing and 
Materials (ASTM), Y. Lacroix and H.M. Horn (1972) discussed the 
indirect determination of dry density by means of nuclear devices. 
Extensive field testing conducted by the author's firm showed 
that portable nuclear devices, for eaxmple, the Troxler Electronic 
Laboratories, Inc., Raleigh, North Carolina, unit 2401, are 
sufficiently reliable for determination of .total density. The 
standard deviation was found to + 2 lb/ft 3 (Figure 4). 
Details on the theory of operation and practical applications 
of nuclear gauges for density and moisture measurements have been 
presented by many investigators. ASTM Special Technical Publica-
tion No. 412, " The Use of Nuclear Meters in Soils Investigation: 
A Summary of Worldwide Research and Prac:tice," published in 1968, 
refers to a lengthy bibliography involving more than 265 authors 
having considered the subject. A computer search at the University 
of Central Florida in April 1984 delivered 146 printed abstracts 
22 
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Fig. 4. Correlation between total densities obtained from 
Troxler 2401 Nuclear Device and the Washington Densometer (ASTM 
Special Publication 523). 
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related to various areas of applications (soil mechanics, hydrology, 
agrophysical studies, etc.). The brief survey realized in the 
previous pages does not pretend to cover the complete existing 
literature. It only captures, through the multitude of books and 
articles, some of the most outstanding and representative topics 
on the nuclear density and moisture gauge. 
CHAPTER III 
PRINCIPLES OF NUCLEAR PHYSICS 
RELATIVE TO SOIL MEASUREMENTS 
Nuclear Structure 
Atomic nuclei are constituted of protons and neutrons . Each 
proton carries a positive charge that is numerically equal to that 
-19 
of the negative charged electron (1.60206 x 10 coulomb), 
whereas the neutron is an electrically neutral particle. 
The rest of the masses of the proton and neutron are very 
nearly equal, 1.67252 x l0-24 g and 1.67482 x lo-24 g, respectively. 
The number of neutrons, N, inside an atomic nucleus together with 
the number of protons, Z (Z is called the atomic number or nuclear 
charge), inside the same nucleus determine the mass number, A, of 
the atom. Consequently: 
A = N + Z 
Since the atom is electrically neutral, Z also gives the number 
of electrons. The following conventions will be adopted when 
considering nuclear reactions. 
The subscript numbers preceding the chemical symbols of the 
elements represent the atomic number, Z, and the superscript num-
hers are the mass numbers rounded off to the nearest whole number. 
For example, 238u means this species of uranium carries 92 protons 92 
in its nucleus and its mass, A, on the atomic scale is 238. 
24 
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Some elements have the same or very closely related chemical 
properties and the same atomic number, Z, but different atomic 
mass, A. They are called isotopes. For example, 238u and 235u 92 92 
are two radioactive isotopes. 
To designate any radioactive nuclear species which differs 
from all others in any way at all, the term nuclide is often used. 
238 226 Thus, 92u and 88Ra are both nuclides, but they are not isotopic 
in their relationship. 
Energy Units 
The energy unit most commonly used in nuclear physics is the 
electron volt (eV). It is defined as the energy acquired by a 
particle carrying an electric charge equal to the electronic charge 
(4.80298 x 10-lO electrostatic units (esu) or static coulombs, or 
1.60206 x l0-19 coulombs) when it is accelerated by an electric 
potential difference of one volt. Since a joule (J) is a coulomb-
volt (C-V), and the electronic charge is 1.60206 x lo-19 C, the 
electron volt (eV) and joule (J) are related by: 
1 eV = 1.60206 x l0-19 C-V = 1.60206 x lo-19 J 
For high energy levels, multiples of the electron volt are 
often used, such as the kiloelectron volt (keV), million electron 
volt (MeV) and billion electron volt (GeV), which stands for the 
former BeV. 
26 
Chemical energies (e.g., heats of reaction), are of the 
order of electron volts per molecule, but nuclear energies are 
typically a few million times greater. 
~ature of Radioactive rays 
Soon after the discovery of radioactivity, it was found that 
three kinds of radiation were emitted by radioactive substances. 
These rays could be distinguished from each other in two ways; 
first, by the difference in the ease through which the rays 
could pass, and second, by the direction in which their path was 
bent by application of a magnetic field. The most easily absorbed 
rays were given the name alpha particles. In the early 1900s, 
British physicists Rutherford and Royds obtained a direct experimental 
proof of the nature of the alpha particles and came to the conclusion 
that they are nuclei of helium, He++. 
The second type of radiation is constituted of beta particles. 
In 1902, Kaufmann used the method of combined electric and magnetic 
deflections to measure the velocities and the ratio of charge to 
mass {q/m) for the particles. The ratio q/m turned out to be 
equal to that of electrons, which indeed constitute the beta 
particles. 
The third type of radiation, called gamma rays, has a more 
tremendous penetrating power than beta particles. The gamma rays 
emitted by some radioactive substances can orily . be stopped by several 
27 
centimeters of lead. The rays are not deflected by magnetic or 
electric fields. They are electromagnetic radiations of the same 
kind as x-rays, "light quanta or photons, 11 and radio waves, but 
of very short wavelengths. 
The gamma ray photons are, therefore, of high energy, usually 
between a few kiloelectron volts and a few million electron volts. 
Gamma radiation is useful for the total mass measurement of heavy 
materials and is used to determine total density of soil, concrete 
or asphalt. Most of the nuclear gauges, including the CPN MC-1 
gauge, are made based on this concept. 
Source Nomenclature and Units 
of Radioactive Intensity 
A curie is a term used to describe the size of a radioactive 
source. A sample of any radioactive substance which is decaying 
f 3 700 1010 d. . . d . . d at a rate o . x 1s1ntegrat1ons per secon is sa1 to 
contain one curie of the substance. Originally, the curie was 
supposed to represent the rate of decay of one gram (1 g) of radium 
226 ( 88Ra). However, the value of the unit then depended on the 
226 1 
accuracy with which the half-life of 88Ra (t2 = 1620 years) could 
be measured. Therefore, in 1950, the definition was changed to 
its present form, which involves no · reference to the properties 
of radium. The curie is not an index of how dangerous the source 
might be, only an index of quantity of the material in question. 
Therefore, the potential danger of a source is not only a factor 
28 
of its size, but also of the type of material in question and 
the nature of emissions it is producing. 
-3 -6 The numbers 10 and 10 curies represent the millicurie and 
the microcurie, respectively. The Campbell Pacific Nuclear Corpor-
ation (CPN) MC-1 gauge, used in this research study, provides gamma 
radiations from an emission of a single energy level by a cesium, 
13 7 
55cs source. The cesium level is 0.662 MeV and requires less 
h . ld. h h 1 ·1 1 f d. 226R s ie ing t an t e mu ti eve output o a ra ium 88 a source. 
C . 13 7c . d d . esium 55 s is a reactor pro _uce isotope. 
Roentgen is a term describing the amount of radiation accumulated, 
or dose, or exposure. A roentgen of radiation could be accumulated 
by standing near a large radioactive, unshielded source for a short 
time or near a small, unshielded source for a long time. 
Rem is a superior term for human exposure accumulation than 
roentgen because it has been corrected to provide a common base for 
effects on mankind. Some radiation is highly penetrating and would 
be more potentially dangerous than other forms. The description 
becomes equal when they are all normalized to the common rem base. 
Since the portaprobe MC-1 carries small amounts of radiation, a 
useful sub-unit shall be the millirem. 
Millirem/hour (mrem/hr) is a term used to describe the brightness 
of a radioactive gamma source. It is the strength of the radiation 
field at the point of measurement. 2 This term is similar to lumen/m 
when discussing light. The brightness of a radiation field will be 
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dictated by the type of radioactive material involved, the size of 
the source, the amount of shielding provided and the distance from 
the source. The total amount of radiation accumulated also depends 
on a factor of how long the exposure to that field lasted. Because 
the CPN portaprobe MC-1 uses small, well-shielded sources, the 
operator will only be subjected to millirems of radiations and to 
levels of the millirem/hour range. 
Flux is a term properly describing the strength of a neutron 
field . It conveniently describes the number of neutrons per square 
centimeter per second falling on a surface . CPN survey forms include 
the neutron readings in the form of millirem readings for case of 
subsequent comparison and for determination of potential radiation 
levels or accumulation . 
Neutron Radiation 
The transmutation of atoms of one element to those of another 
was accomplished by bombardment with alpha particles (helium 
nuclei, He++). High-speed alpha particles were available because 
they are emitted spontaneously from radium and similar heavy nuclei. 
Rutherford accomplished the first such transmutation with alpha 
particles as projectiles in 1918, when he succeeded in changing 
nitrogen to oxygen. 
In 1930, Becker and Bothe, conducting their experiments in 
Germany, observed that when alpha particles were to hit the metal 
beryllium (Figure 5), very penetrating radiations that could easily 
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pass through several inches of lead were produced. Here, indeed, 
was an expected result, for the protons produced in the usual trans-
mutation could be stopped by a very thin sheet of lead. The most 
penetrating radiations known at the time were gamma rays. But, as 
the newly discovered radiations were more penetrating than the 
most powerful gamma rays, it seemed highly unlikely that they also 
could be gamma rays. 
James Chadwick, a British physicist, solved the puzzle. After 
demonstrating the existence and measuring the mass of the new 
particle, Chadwick named it "neutron." More accurate measurements 
showed later than the neutron mass is extremely close to that of the 
proton, 1.67482 x l0-24 g versus 1.67252 x 10-24 g, exceeding it 
by only 0.13752%. 
Generally, neutron emission occurs when an alpha particle 
emitter (americium, plutonium, radium, etc.) is mixed with beryllium 
powder in a tightly compressed pellet. The suffix Be is attached 
to the alpha source name to specify its use as a neutron source when 
it is mixed with beryllium (ArnBe, PuBe, RaBe). 
When moisture is to be determined by the CPN MC-1 gauge, the 
alpha particles from americium strike the beryllium atoms to produce 
fast neutrons of an average 5 MeV, according to the following 
reaction: 
~Be+ iHe + 1 ~c + ~n + Q (5.706 MeV) 
where Q is the energy released in the transf orma.tion. 
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Detection of Neutron Radiation 
The production of neutrons, as described previously, is done 
in the nuclear gauge MC-1 according to the reaction: 
iHe +~Be+ ~n + 1 ~c + 5.706 MeV 
Since Q > 0, the reaction is exoergic and the liberated energy will 
appear in the form of kinetic energy of the reaction products. It 
can also be observed that the energy of 5.706 MeV, liberated during 
the transformation, allows to describe the neutrons being produced 
as "fast" neutrons. 
However, the neutron detectors, particularly the boron 
trifluoride, 1 ~BF3 , tube or the helium, ~He, proportional counter 
in use in different nuclear gauges, are suitable for determining 
a flux of slow neutrons, which may be detected as an electrical 
pulse, amplified and displayed electronically as an index of soil 
moisture. 
Now, one must inquire about the phenomena leading to the slowing 
down of fast neutrons being produced when the alpha particles of 
241A . . h 1 9 d f 
95 m interact wit the beryl ium atoms, 4Be. The rapi trans orma-
tion of fast neutrons to slow neutrons is achieved by elastic 
collisions between the moderator nuclei and the neutrons until the 
average kinetic energy of the neutrons corresponds to that of the 
moderator nuclei. This process is called moderation or thermalization. 
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A similar process is accomplished for the thermalization of 
neutrons in the MC-1 portaprobe, but the moderator is not included 
in the gauge. The slowing down of fast neutrons as they travel 
through matter is due almost entirely to elastic collision of the 
neutrons with the moderator nuclei, whereby a neutron transfers a 
portion of its kinetic energy ·to its collision partner. 
If the sum of the kinetic energies of the neutron and the 
nucleus following cbllision is equal to the sum of these quantities 
before collision, there is conservation of energy and the collision 
is elastic. 
It can be found that the maximum fractional energy loss for 
neutrons in collisions with nuclei of mass number A is: 
2 
If a collision occurs between neutrons. (mass 1) and hydrogen 
nuclei (mass 1, also), the maximum fractional energy loss for the 
neutrons is: 
2 
2 
1 - ci : i) = 1 or 100% 
Therefore, materials containing a large portion of hydrogen 
atoms, like paraffin wax or asphalt which are two products derived 
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from petroleum refinery,_ water (H20), a constituent existing in 
soil in quantities more or less important, can markedly slow down 
a fast neutron. 
Thus, the moisture channel in the MC-1 portaprobe is in 
reality a "hydrogen analyzer" and is responsive to any form of 
hydrogen present, whether it be in the form of water or of some 
organic matter like asphalt. It is possible to measure water of 
a construction site because the only form of hydrogen being seen 
on a soil site is free water, the very feature soil engineers are 
trying to measure. However, bound water within the mineral 
matrix , organic matter, roots or asphalt in an asphalt pavement 
would also provide hydrogen moderation and the neutron gauge 
would "read" it accordingly. If the quantity of extraneous 
hydrogen is known, it can be taken into account in calibration 
and the gauge can still be used for moisture determination. 
Interaction of Gamma · Radiation with Matter 
The most important mode of interaction between gamma radiation 
and matter occurs between ganuna rays and the electrons of the 
absorbing material, but a gamma ray can lose a large fraction of 
its energy, or all of it, in a single encounter. The rays are 
absorbed according to an exponential law which is characterized 
by a half-value thickness which is the thickness of absorber that 
reduces the intensity of the incident beam of photons to one-half 
its original value, or an absorption coefficient. 
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The absorption of gamma radiation can be attributed to three 
separate physical processes of interaction . with matter, with each 
of the three types of interaction contributing, in general, to the 
total absorption. The relative importance of each varies with the 
energy of the gamma radiation and depends on the properties of the 
absorbing material. The three processes are known as (1) the Compton 
effect, (2) the photoelectric effect, and (3) pair production. 
The Compton effect is an inelastic scattering collision between 
a photon and an electron, during which part of the photon energy is 
transferred to the electron and the original photon energy is 
reduced by an equal amount. 
The photoelectric effect results in the total destruction of 
the photon, with the entire gamma ray energy being used up in the 
process of detaching an atomic electron from its parent atom and 
endowing it with kinetic energy. 
A pair production, similarly, results in the complete 
absorption of the gamma radiation quantum, which is converted 
entirely into rest energy of an electron pair (a position and a 
negative electron) plus a certain amount of kinetic energy. 
Compton scattering is the simplest process and is best suited 
to density measurements. For medium energy photons, that is for 
137 . h 
energies between 0.1 and 10 MeV (the Cesium Cs source in t e 
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CPN MC-1 gauge emits gamma rays at 0.662 MeV), the most energy loss 
is Compton scattering (Figure 6). 
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Compton scattered 
photon Ee 
Incident photon, Ei 
Ejected electron 
Fig. 6. Compton scattering of a photon (Harvey, 1969) . 
CHAPTER IV 
EXPERIMENTAL INVESTIGATION 
Operational Proc~dures 
The panel controls, as described in the CPN MC-1 moisture-
density training manual in Chapter I, are explained with reference 
to the gauge keyboard, and each touchkey is outlined in Appendix A. 
Basically, the following operations are required to take a 
field test: 
1. Take a standard count 
2 . Select and prepare the site carefully 
3. Set the gauge on the site and take readings 
4 . Determine the moisture and density from the calibration 
curves or charts 
5. Compute the percent of compaction 
6. Store the nuclear gauge away 
Standard Count 
Nuclear gauge performance is effected by the decay of the 
radioactive source, aging of the electronic components, and 
minor mechanical wear and tear. As for any measurement tool, it 
is necessary to check the gauge against a reference standard. 
The reference standards can be based on various materials as 
concrete, polyethylene, soil compacted into molds, paraffin, natural 
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stone, metal, water, asphaltic concrete according to ASTM Special 
Technical Publication 412 (1968). The standard count from MC-1 
is based on paraffin material furnished by the manufacturer. The 
field count is divided by standard count to obtain a ratio. The 
ratio is then referred to calibration curves for calculating the 
final density and moisture. 
The same procedure was done by a factory for obtaining the 
calibration curve initially. The ratio of a factory standard 
count versus calibration block readings was plotted against the 
block weights. 
Should variations in gauge performance occur, these variations 
will effect both the field and standard counts proportionately, 
thus the final ratio remains constant and the gauge remains 
accurate. The standard count thus becomes a means of continual 
calibration correction for the nuclear gauge. A further benefit 
can be achieved from the standard count due to the statistically 
reliable nature of the decay of the radioactive source over short 
periods of counting. 
There are two methods of taking a standard count. Both use 
the same mechanical set-up. They differ only in the method of 
accumulating the final standard count result. To take a standard 
count, the operator stands the nuclear gauge shipping case on end 
and places the reference standard across the protective strips on 
the case. Three buttons on the reference standard fit into 
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accomodating depressions in the bottom of the gauge (Figure 7). 
Place the source rod in SAFE position and be sure the gauge is 2t 
least five feet from nearby objects. 
At this point, two counting methods may be used: (1) the 
Manual Method (used for periodic gauge evaluation with 20 succes-
sively accumulated 1/4 minute counts), and (2) the Automatic Method 
(with four minute averaging). By pressing STD and LOCK touchkeys 
simultaneously on the keyboard, the operator will have the gauge 
clear all four memories, and count a four-minute count into all four 
memories. The four-minute count will be normalized to a 1/4 minute 
common base for ease of subsequent computations. The final average 
of either method will be recorded on the daily field work sheet. 
The four-minute automatic standard count will be retained in 
memory until erased by the next STD or by the taking of a TEST 
count. 
Site Preparation and Selection 
Tests will only be as good as the quality of site preparation 
(Figure 8). The site must be flat, free of voids, with surface 
irregularities filled with natives fines or sands. 
If transmission is used, the hole must be neat and square to 
the surface, and protected from puffing or movement during drill 
of the transmission hole or retraction of the drill pin. The use 
of the Campbell Hammer is recommended for best results in preparation 
of the hole. 
40 
Fig. 7. Standard count determination. 
41 
Fig. 8. Site preparation. 
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CPN advocates statistical testing where the average of several 
test sites is used to accept or disapprove the project. The nuclear 
gauge is much faster than the older, conventional test methods and 
statistical programs may be employed. Each site must be free from 
major protubances, reasonably smooth, and should be representative 
of the overall project. 
By using the CPN Cast Aluminum Guideplate, the operator smooths 
the surface. He also removes large stones or surface debris which 
would prevent the gauge from sitting flat. Any technique of 
smoothing, pounding, or other flattening will be adequate. The 
operator must not compact the site, but only flatten the top 1/16" 
or so to provide a good surface. 
By using a number 10 sieve and shaking some native fines over 
the site to fill in any remaining air voids, the operator can re-
move possible errors from surface roughness. The gauge must rest 
upon native promontories, however, with only the voids filled in. 
The gauge must not rest upon a "cushion" of filler material. 
If the test site is asphaltic concrete (AC), a coffee can 
"salt shaker" with fine sand may be used to fill in the voids. 
The gauge has a reduced bottom surface to provide the best possible 
seating under adverse conditions. This facilitates seating the 
gauge on AC where a rubber-tired roller has been used. Surface 
roughness error is the error introduced into the gauge readings 
due to the rough surface obtained during seating. 
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The dual position CPN backscatter feature provides a means 
of selecting a shallow backscatter position (AC position) for best 
results on thin lift asphaltic concrete and a slightly deeper 
backscatter position (BS position) for use on soils or thick 
asphaltic concrete. 
By inserting the gauge rod into the soil mass, the operator 
uses the direct transmission technique. Transmission is inherently 
an accurate mode of measurement in all respects. It is not altered 
by varying densities near the soil surface and is practically 
immune to surface roughness problems. Transmission surface rough-
ness error is approximately l/lOth of the backscatter errors. 
The transmission hole (Figure 9) must be vertical to the 
smoothed surf ace and must not be damaged in the process of drilling 
and retraction of the drill. 
To set the gauge, place the CPN Cast Guideplate on the surf ace 
and use the guide to support the drill pin. Hammer the drillpin 
into the ground, tap it lightly and twist it to loosen it. Then 
pull it out of the ground. Do not use the cast guideplate as a 
retraction device. It will damage the top of the guide hole. 
A superior method of drilling the hole, especially on hard 
material of 95% compaction or better, is by using the Campbell 
hammer. Using the guideplate, stand firmly on the plate and ram 
the Campbell hammer into the soil through the guide. Remain on 
the plate and retract the drill by sliding the ram upwards for 
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Fig. 9. Drilling transmission hole. 
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retraction. The operator's weight on the plate confines the soil 
in drilling and in retraction to produce a neat, undamaged hole 
for the readings. 
On heavily compacted material above 95% of compaction, cracks 
may appear in the soil. These will not affect the readings if the 
gauge is placed so that no cracks extend from the source directly 
back to the detector tubes. 
From a radiation exposure standpoint, it is undesirable to 
spend a great deal of time "playing" with the gauge in seating it. 
Locating the hole for insertion of the source rod in transmission 
is frequently a problem and CPN has made this easy for the operator. 
A small cast lip is on the front of the bottom casting to 
provide for insertion ease (Figure 10): 
1. Bring the gauge close to the hole. 
2. With body over the gauge, right elbow braced on right 
knee, and right hand lifting the lip, lower source until 
it is between two and four inches. · Let go of source 
rod handle. 
3. Grasp guidetube above handle and raise gauge until 
source is visibly going into hole. (Peek over the 
front of the gauge). 
4. Lower gauge and then lower source into hole. 
Field Counts 
Once the site is prepared and the gauge seated, a field count 
can be obtained. 
No advantage is gained from repeating a count on exactly the 
same site. It is permissible to rotate the gauge 90° or more on 
46 
Fig. 10. Seating transmission. 
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a site to obtain two views of the location, but there is nothing 
to be gained from taking more than one count without at least 
moving the gauge. It would be better to move the gauge to another 
site nearby for the second count in order to obtain a better 
representative sample of the overall project. 
If moisture and density are needed in BS or AC, the operator 
must release the source handle trigger and lower the source to BS 
or AC position, then press the desired operations touchkey, while 
the gauge commences a slow "beep" during count and a fast "beep-
beep" at the end of the count. Now, the operator needs to press 
DENSITY DATA and MOISTURE DATA keys to read count from the gauge. 
All data are recorded on the worksheet. Moisture is taken at all 
times during any density count. The moisture source is separately 
mounted within the gauge. Only the density source is in the source 
rod. If a density or moisture count is only required, press the 
D-ONLY or M-ONLY keys to take only the desired count. The other 
prior count will be saved in memory. 
If the field counts are to be obtained by direct transmission, 
the gauge is seated over the hole and the source inserted into it 
with the handle in the desired depth (2", 4", 6" or 8") slot, and 
the desired time key is pressed. Both moisture and transmission 
density will be taken at once, but moisture is measured by back-
scatter process only. It is not a transmission phenomenon. The 
model MC-1 gauge uses a separate source in the bottom casting to 
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insure constant backscatter operation and permit simultaneous 
counting of both density and moisture. The data are now recorded 
from DENSITY DATA and MOISTURE DATA displays. 
Determination of Density and Moisture 
from the Calibration Charts 
By dividing the field count by the standard count, one obtains 
a ratio for determination of the final values. The ratio will now 
be ref erred to either the appropriate calibration plotted curves 
shown in Figures 24 and 25 (Appendix A), or to the Computer calibra-
tion Charts given in Table~ 7 to 13 (Appendix A) . The final values 
are expressed in pounds per cubic foot (pcf). For example, by 
entering the density calibration curve corresponding to a transmis-
sion depth of four inches, with a ratio of 1.424, one finds the wet 
density to be equal to 122 pcf. Similarly, a ratio of 0.356 
entered in the moisture calibration curve gives a moisture of 14.5 
pcf. 
The fact that the moisture is expressed in pcf might induce 
the comprehensible and justifiable concerns of a geotechnical 
engineer, since the moisture content is usually given in percentage. 
But both approaches converge to the same result. According to 
nuclear gauge related computations, the dry density (pd) is obtained 
by subtracting the "moisture" in pcf from the wet density (p) for 
each depth. This can be written: 
p = d p - Moisture 
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In soil mechanics manuals, one can find or derive the relationship 
between the dry density (pd) and the wet density (p): 
p 
1 + w 
where w is the moisture content given in percents. From the above 
equation, one finds the equation: 
where pd(w) is considered as the moisture term in the nuclear gauge 
measurement. Since pd is expressed in pcf as a density and was a 
percentage (unitless), the moisture term is also expressed in pcf. 
The percent moisture w can, therefore, be found by dividing 
the moisture term by the dry density, or: 
pd w (pcf) 
w (%) = ---- x 100% 
pd (pcf) 
Computation of Percent Compaction 
There are basically two categories of earthwork specifications: 
(1) end-product specifications and (2) method specifications. The 
use of the MC-1 nuclear gauge may be very useful when end-product 
specifications are required, especially for most highways and build-
ing constructions, where a certain relative compaction (or percent 
compaction) is specified. Relative compaction is defined as the 
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ratio of the field dry d.ensity (pd) to the laboratory maximum dry 
density (pd ) according to some specified standard test, for 
max 
example, the Standard Proctor or the Modified Proctor Test. 
Therefore, once the field dry density ( pd) is obtained after some 
brief calculations from the nuclear gauge readings, the relative 
compaction is immediately calculated: 
Relative Compaction = x 100% 
Conventional Standard Sand Cone Method 
The experimental investigation involved also the sand cone 
method. The apparatus and calibration of the sand cone are shown 
in Figures ll(a) and ll(b). The procedures are as follows: 
1. Determination of the density of the 20-30 Ottawa sand: 
A similar 20-30 silica sand was used in this experimental study 
instead because of expensive 20-30 Ottawa sand. This procedure is 
done by taking a Proctor compaction mold and filling it with sand 
by a spoon. Any vibration and other means of compaction during 
the pouring of sand into the mold should be avoided. When the 
mold is full, strike off the top of the mold with a steel straight 
edge. The mass of the sand in the mold is M1 and the dry unit 
density of the sand (pd) can be given as: 
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(a) 
(b) 
Fig. 11. (a) Assembly of necessary equipment, and (b) calibra-
tion of the sand cone. 
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Pd (sand) = 
where vl = volume of Proctor mold 1 3 = 30 ft . 
2. Calibration of the sand cone: First, the one-gallon bottle 
is filled with sand. The mass of the bottle + cone + sand (M 2) is 
determined and the valve of the cone which is attached to the bottle 
is closed. Then, the base plate is placed on a flat surface. The 
bottle with the cone attached to it is turned upside down and placed 
on the center hole of the base plate. The valve of the cone is 
opened and the sand flows out of the bottle and gradually fills the 
cone. When the cone is filled with sand, the flow of sand from the 
bottle will stop. Now, the valve of the cone is closed. The bottle 
is taken with the cone out and its mass is determined (M3). The 
mass of sand necessary to fill the cone can now be determined as 
3. The weight of the gallon can without the cap is determined 
4. Before proceeding to the field, the one-gallon bottle, 
with the sand cone attached to it, is filled with sand. Close the 
valve of the cone and weigh the bottle+ cone+ sand (M5). The 
remaining steps are required for the field work. 
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5. Now, proceed to the field with the bottle, base plate, 
digging tools and the one-gallon can with its cap. 
6. Place the base plate on a level ground in the site. Under 
the center hole of the base plate, dig a hole in the ground using 
the digging tools. The volume of the hole should be smaller than 
the volume of the sand in the bottle minus the volume of the cone. 
7. Remove all the loose soil in the hole and put it in the 
gallon can. Close the cap tightly so as not to lose any moisture. 
Be careful not to move the base plate. 
8. Turn the gallon bottle from step 4 upside down and place 
it in the center of the base plate. Open the valve of the cone. 
Sand will flow out of the bottle and fill the hole in the ground 
and the cone. When the sand stops flowing, close the valve of the 
cone and remove it. 
9. Determine the mass (M6 ) from the gallon can+ moist soil 
from the field, but without the cap, and the mass ·(M7) from the 
bottle + can + remaining sand. 
10. After the gallon can with the moist soil is oven dry, the 
mass of the can + oven dry soil (M8 ) is determined. The moisture 
content and wet density of natural soil in the field can be 
respectively determined by: 
M6 - MB 
w% = --- ( 100) 
MB - M4 
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and 
= weight of moist soil from the hole 
p volume of the hole 
where the weight of moist soil from the hole = M6 - M4 and the 
volume of the hole is 
MS - M7 - M6 
pd (sand) 
The dry density of the soil is then calculated by 
pd (field) = p 
1 + w (%) 
100 
CHAPTER V 
DATA COLLECTION AND ANALYSIS 
The success of a new test method is dependent on several 
factors, including: (1) adaptability of method to various laboratory 
and field uses without elaborate restriction, (2) sufficient 
accuracy of data collection, and (3) saving of time and effort of 
personnel. The main scope of the synthesis and analysis of the 
test data obtained by using the sand cone (or sand replacement) 
method and the CPN MC-1 nuclear gauge is to determine the relative 
accuracy of the nuclear technique when tests are performed on sandy 
and clayey soils. Because of the ability of the MC-1 gauge to 
test various materials, asphaltic concrete and concrete were also 
included in the experimental investigation. 
Testing on Sand 
The test data collected by using the sand cone and the nuclear 
gauge were performed at the University of Central Florida Temporary 
Parking Lot 500 located northeast of the main campus. This parking 
lot is now paved and is called the East Parki?g Lot. A sketch of 
the site location is given in Figure 12. Each test site was 
approximately 10 yards apart. 
In this lot, the natural soil was found to have an inadequate 
bearing capacity for the purposes of the parking lot. Thus, a brown 
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Fig. 12" Site locat10 . n of tests on (Ea.st Par sand 
N 
t 
king Lot). 
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fine sand was spread and compacted. The grain size distribution 
of sampled soils by sieve analysis is shown in Figure 13. The 
coefficient of uniformity from the distribution curve is determined 
as: 
c 
u 
= = 
0.2 
0.1 
mm 
mm 
= 2 < 4 (uniform soil) 
and the coefficient of curvature (or gradiation) is: 
c 
z 
---= 
(0.16) 2 
-( 0-.-'--1_) _( 0-----.-2-) = 1. 2 8 
On the basis of the American Association of State Highway and 
Transportation Officials (AASHTO) classification system, the sand 
is classified as A-3 (0), which is excellent to good, according to 
the general rating as subgrade soil. 
The data collected by the MC-1 nuclear gauge were based on 
two methods, namely backscatter and direct transmission. Since 
the backscatter technique can only provide information within the 
top two inches of soil, and is very sensitive to surface roughness 
or quality of site preparation, the comparison is done between the 
sand cone method and the transmission technique which permits 
measurements to specific depth of 12 inches and is insensitive to 
surface roughness, very accurate and the preferred method of 
measurements for soils. The data in Table 3 from the nuclear gauge 
were obtained at a depth of four inches because the holes dug in the 
sand cone test were averaged to 3 or 4.5 inches deep. 
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Project ---------------
Locatton of Project UCF Temp. Lot 500 
Job. No. ~-----~----------~ 
Boring No. ____ _ Sample No . . 
Description of Soil Brown fine sand . o. -4" Depth of Sample ------------
Tested By. Date of Testing May 
16 th, 1984 
Gravel Sand 
Coarse to 
medium Fine 
U.S. standard sieve sizes 
.E • c 
-
113 J ~! ~ ~ 
:! 0 0 0 0 00 0 
M Z Z z Z ZZ Z 
0 
z 
Fines 
Silt Clay 
100rr.,.--r1 --YT"T"T1nt-,1 .,.-.~i=~~';;;;J;:rtn1 r--rt1 ~1 TTti1 .-ri1-r-r---,r11l"'"'rr~--r-"TTTT.,..., 
' i r"I~ I I I " 
I 1\ ! I : ~ I I 
Grain diameter. mm 
Vl·s al .1 d . . Brown fine sand · u soa escr1pt1on ---·~---------------------------
Soil classification: 
A-3 .(0) AASHTO 
System ----~------~----~---~--~ 
Fig. 13. Grain size distribution. 
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TABLE 3 
COMPARISON BETWEEN NUCLEAR GAUGE AND SAND CONE TEST DATA 
Wet Densities, pcf Moisture Content, % Dry Densities, pcf Test Nuclear Sand Nuclear Sand Nuclear Sand No. Gauge Cone Gauge Cone Gauge Cone 
1 110.0443 109.53 5.7121 5.6154 104.0981 103. 71 
2 108.3910 108.00 5.7740 5.6572 102.4741 102.22 
3 110.8678 111.73 5. 2 856 5.1443 105.3020 106.26 
4 109.3294 109.95 5.7366 5.8257 103.3979 103. 90 
5 110.1577 109.35 5. 8942 5.7544 104.0262 103.40 
6 108.8376 110.08 6.3639 7.1108 102.3257 102.77 
7 110.3069 110.23 5.8023 5.9006 104.1608 104.18 
8 109.6524 109.13 6.7224 6.9450 102.7454 102.04 
9 107.5480 109.07 6.8630 6.5969 100.6410 102.32 
10 109. 7792 111. 05 6.7440 6.4024 102.8430 104.37 
11 105.9782 106.00 5.8102 5.7259 100.1588 100.26 
12 110.4458 110.75 6.0068 5.8964 104.1875 104.58 
13 110.2785 110.67 4.6960 4.5669 105.3321 105.84 
14 106.4547 105.92 4.6366 4.8743 101.7375 101.97 
15 113.1366 114.07 6.9684 7.1244 105.7664 106. 48 
16 106.1644 106.33 4.9122 4.6882 101.1936 101. 57 
17 103.8179 103.63 5.3614 5.4633 98.5350 98. 26 
18 109.6172 109.76 6.1701 5.9051 103.2468 103.64 
19 110.2003 109. 30 6.6345 6.3423 103.4056 102.78 
20 111. 8952 113.09 6.4897 6.6438 105.0761 106.04 
21 106.4514 107.07 5.4608 5.5763 100.9393 101.41 
22 107.6059 108.88 6.9159 7.1780 100.6454 101.59 
23 104.2040 103. 86 6.3154 5.7839 98.0140 98.18 
24 109.0534 109.06 7.5008 7.3536 101. 4443 101. 59 
25 108.3806 107.58 6.6733 6.9598 101.6005 100.58 
26 106.8036 106.64 9.3811 9.1163 97.6436 97.73 
27 106.2877 105.55 5.0427 4.6640 101.1852 100.85 
28 103.1510 102.83 7.4759 7.1181 95.9759 96.00 
29 104.5049 104.15 7.0451 6.9851 97.6224 97. 35 
30 106.1810 106.32 6.3514 6.5497 99.8398 99.78 
-* 108.18 108.32 6.22 6.18 101.85 102.05 x 
s* 2.44 2.74 0.96 0.97 2.50 2.68 
* x: Arithmetic mean of data given by a test method 
s: Standard deviation of measurements in a test method 
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The accuracy of the test data is dependent upon the factory 
calibration of the unit and the operator's preparation of test 
site. The value of the final result is also a function of how 
representative the site being selected is of the overall project. 
Special attention was given to the site choice and preparation in 
this investigation. By using a No. 10 sieve, the native fines 
were spread evenly to the surf ace so that the gap between the base 
of the nuclear gauge and the sand was reduced to a minimum. 
Precision in the data obtained from the MC-1 nuclear gauge 
is also influenced by the selection of time period on the 
operation's touchkeys. There are four types of timing, as shown 
in the following table. The tabulated values represent the 
different deviations with respect to a known exact value. 
(pcf) 1/4 min. 1/2 min. 1 min. 2 min. 
BS 1. 2 0.85 0.60 0.42 
AC LO 0 . 71 0. 50 o. 35 
6 in. 0.50 0.35 0.25 0.18 
H2o 0.50 0.35 0.25 0.18 
Since the time touchk ey selection produces the desired 
precision versus time available for the test, data collected 
from this survey all used a two-minute count. 
A sand cone test was performed at the exact location where 
the MC-1 gauge was used. As previously specified, the 20-30 
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silica sand, commercially available and easier to acquire than 
the 20-30 Ottawa sand, was used in the study. All soil removed 
from the test hole was placed in air-tight cans, weighed and 
shipped to the Geotechnical Engineering Laboratory where all 
samples were oven dried in the evaporating dishes to determine 
their moisture content. Difficulties in digging, spillage of 
sand during excavation and removal of the fill material and other 
mishaps reduced the projected number of 50 tests to 30 tests. 
All of the nuclear tests and sand cone tests were conducted by 
the same field and laboratory personnel, which carried some restraints 
and limitation in the realization of the overall project. The data 
obtained from this test site are presented in Table 3. 
To analyze the test data, the standard deviation of a given 
set of numbers is given by the following: 
I -2 
s = (x - x) 
where x represents the arithmetic mean of the results obtained 
from a test method. The significance of the standard deviation 
lies in the fact that, in practice, about 68% of the values are 
found within the limits x - s to x + s. Let the subscripts g and 
c respectively denote the nuclear gauge data and the sand cone method 
data. Going through some calculations, one obtains for wet 
density (Figure 14): 
x = 108.18 pcf g 
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x = 108. 32 pcf 
c 
The standard deviations are, respectively: 
and 
s = + 2.44 pcf g 
s - + 2.74 pcf 
c 
For moisture con t ent (Figure 15), one finds: 
and 
The standard deviations are: 
and 
x = 6.22% g 
x = 6.18% 
c 
s = + 0.96% g 
s = + 0.97% 
c 
The arithmetic means and standard deviations obtained from the 
dry density (Figure 16) results are: 
x = 101. 85 pcf g 
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The standard deviations are: 
and 
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x = 102.05 pcf 
c 
s = + 2.50 pcf g 
s = + 2 . 68 pcf 
c 
If the arithmetic mean of the data of either one of the methods 
of measurements, for instance the sand cone replacement technique, 
is taken arbitrarily as the "exact" value, the arithmetic mean of 
the nuclear gauge data is "approximate" and the error associated 
with the utilization of the CPN MC-1 nuclear gauge is: 
e = 
For wet density: 
For moisture content: 
For dry density: 
x - x 
c g 
x 
c 
e = 0.129% 
e = 0.647% 
x 100% 
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e = 0.196% 
The best accuracy occurs for the wet density data. 
By entering the data provided by Table 3 in the computer 
program in Appendix B and utilizing the least square technique for 
fitting a curve y = f (x) between a set of data points, one empirical 
equation is found which correlates· the results of the two methods. 
The following linear equations are obtained by fitting the data 
gathered from testing on sand: 
y = 0.86659x + 14 . 31527 for wet density 
y = 0.95088x + 0.34561 for moisture content 
y = 0.90810x + 9.17505 for dry density 
The abscissa x represents any data obtained from the sand cone 
method while the y ordinate corresponds to those collected by 
using the MC-1 nuclear gauge. For each series of tests being 
performed in tandem by the nuclear gauge and another conventional 
method, one may therefore always derive an empirical equation. 
This empirical equation will vary, of course, according to the 
material being considered and the number of measurements being 
taken. , 
A simple example is illustrated by how the developed empirical 
equations can apply to the data collected from the MC-1 nuclear 
68 
gauge and the sand cone method. For example, a technician who 
found a value of the 110 pcf wet sand density from the sand cone 
method can immediately adjust this value to the MC-1 nuclear 
gauge (according to Figure 14) by plugging x = 110 into the 
empirical equation: 
y = 0.86659 (110) + 14.31527 
which yields to: 
y = 109.64 pcf 
Similarly, a wet sand density of 106.5 pcf determined by 
the MC-1 nuclear gauge can be correlated to the sand cone method 
by entering this value as y - 106.5 in the empirical equation 
for x in terms of y and yields: 
or: 
x = 
y - 14.31527 
0.86659 
x = 106.36 pcf 
Test Data from Clay 
Sandy soils are very common around the campus of the University 
of Central Florida, but clay seems very hard to find. A location 
of clayey soil was selected at Oviedo Materials, Inc., 7 miles 
north of the University. The place is a borrow pit on a large 
69 
extended area and supplies stabilization materials for construction 
of embankments, highways or others. Clay, unlike sand, is a cohesive 
material and its cohesion is the fundamental characteristic which 
is different from sandy soils. 
The data collection was done by using the same equipment as 
in the testing on sand, the MC-1 nuclear gauge and the sand cone. 
Again, the direct transmission method was applied but the drillpin 
was very difficult to be retracted from the test hole. However, 
spillage of soil and cracks were reduced considerably and neat holes, 
with almost perfectly vertical walls, were able to be obtained. 
To avoid the cumbersome trips to the laboratory, a scale was 
brought to the field and the determination of the weight of the 
samples was performed inside a van to decrease the effect of wind 
on the accuracy of the scale. 
The data gathered from 37 test sites are given in Table 4. 
The first 23 tests were taken on stiff clay and the others on soft 
clay. For wet density, the arithmetic means for nuclear gauge 
and sand cone data are respectively obtained as: 
and 
x = 106.75 pcf g 
x - 106.31 pcf 
c 
while the standard deviations are respectively: 
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TABLE 4 
NUCLEAR GAUGE AND SAND CONE DATA OBTAINED FROM TESTING ON CLAY 
Wet Moisture Dry 
Test Densities, pcf Content, % Densities. pcf 
No. Nuclear Sand Nuclear Sand Nuclear Sand 
Gauge Cone Gauge Cone Gauge Cone 
1 121. 05 120.42 19.44 19 .03 101. 35 101.17 
2 137.57 137. 9 7 14.61 14.81 120.03 120.17 
3 122.24 121. 55 13.75 13.29 107.46 107.29 
4 110.74 111. 88 16.92 18.11 94.71 94.72 
5 96. 98 96.32 17.46 17.09 82.56 82.26 
6 115.6 116.05 18.16 18.35 97.83 98.06 
7 117.67 117.12 16.21 15.65 101.26 101.27 
8 111. 87 112.14 18. 21 18.00 94.64 95.03 
9 109.47 108.92 18.55 17.82 92.34 92.45 
10 116.35 115.53 16.75 17.07 99.66 98.68 
11 117.15 116.3 17.63 16.86 99.59 94. 72 
12 120.6 120.88 17.05 17.14 103.03 103.19 
13 110.9 109.67 16.77 16.38 94.97 94.23 
14 124.49 124.55 13.89 13.02 109.31 110.2 
15 119.12 118.08 15.49 14.95 103.05 102.72 
16 109.24 109.25 19. 23 19.24 91.62 91.62 
17 119.52 118.45 15. 21 14.55 103.74 103. 4 
18 117.67 117.73 15.59 15.68 101.8 101. 77 
19 121. 69 120.59 14.6 14.03 106.19 105.75 
20 111.36 110.86 18.01 18.23 94.36 93.77 
21 120.87 120.09 15.13 14.52 104.99 104.86 
22 109.24 109.36 19.54 19. 7 91. 38 91. 36 
23 116.11 115. 39 16.44 15.83 99. 72 99.62 
24 96.1 96.25 59.26 59.42 60.34 60.37 
25 97.28 96.47 40.67 39. 93 69.15 69.01 
26 94.18 94.3 39. 3 39.4 67.61 67.65 
27 89.55 87.89 44. 98 44.49 61. 77 60. 83 
28 85. 28 85.45 38. 91 39.06 61. 39 61.45 
29 91. 68 90.23 41.61 40.95 64.74 64.1 
30 86.5 86. 7 67.34 67.52 51.69 51. 75 
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TABLE 4 (Continued) 
Wet Moisture Dry 
Test Densities, pcf Content, % Densities, pcf 
-
No. Nuclear Sand Nuclear Sand Nuclear Sand 
Gauge Cone Gauge Cone Gauge Cone 
31 101.45 100.06 34.65 33.97 75.34 74.69 
32 89 .11 89.24 28.46 28.59 69.37 69.4 
33 86.53 85.19 71. 73 71.03 50.39 49.81 
34 97. 34 96.5 28.16 28.38 75.95 75.17 
35 90. 72 89.76 28.35 27.68 70.68 70.3 
36 87.78 87.96 39.49 39.62 62.93 63.00 
37 78.88 78.12 42.40 41. 71 55. 39 55.13 
-
x 106.75 106.31 26.76 26.51 86.28 85.97 
s 2.35 2. 32 1. 20 1.23 2.48 2.50 
NOTE: x = arithmetic mean of data given by a test method 
s = standard deviation of measurements in a test method 
and 
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s = + 2.35 pcf g 
s = + 2.32 pcf 
c 
The moisture content data give the following arithmetic means 
and standard deviations, respectively: 
and 
x = 26.76% g 
x = 26.15% 
c 
s = + 1. 20% g 
s = + 1. 23% 
c 
The arithmetic means and standard deviations calculated from 
the dry density results are, respectively: 
and 
x = 86.28 pcf g 
x = 85.97 pcf 
c 
s = + 2.48 pcf 
g 
s = + 2.50 pcf 
c 
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Using the same approach as in the testing on sandy soils, the 
error associated with the MC-1 nuclear gauge can be determined. 
For wet density, the error is 
e = 0.41% 
For moisture content 
e = 0.94% 
and for dry density 
e = 0.36% 
The best accuracy occurs for the dry density data. As seen 
from the results, the relative accuracy obtained from the wet 
density, moisture and dry density values is greater when the testing 
is conducted on sand. This observation is somehow unexpected 
because one might predict higher accuracy on clay .since the clay 
samples were able to be removed undisturbed. However, the tests 
were performed in the summer season and the error would not be 
minimized because some variations might have occurred in the initial 
weight of the samples due to moisture loss by evaporation. 
The graphical representations of the data from the MC-1 nuclear 
gauge and the sand cone are given in Figure 17 through 19. The 
linear empirical equations derived for the wet density, moisture 
content and dry density are also given in each figure. 
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Test Data from Asphaltic Concrete 
Fifty test data were taken from asphalt pavement at Research 
Parkway, Discovery Drive and Technology Parkway of the Central 
Florida Research Park, located south of the main campus. Figure 
20 shows the MC-1 nuclear gauge on the pavement while density 
measurements were conducted. 
The CPN MC-1 moisture channel, as outlined in the nuclear 
gauge theory, is indeed a hydrogen analyzer. Although the procedure 
to determine the density is analogous to the one described for soil 
density, the measurement varies with the asphalt content and 
additional hardware shall be required. 
The pavement section shown in Figure 21 is the standard 
structure of all the existing roads at the Central Florida Research 
Park. The components, materials and dimensions are described as 
follows: 
1. The wearing surface of as·phalti.c concrete is 1. 5 
inch (3.81 cm) thick 
2. The thickness of the soil-cement base is 8 inches 
(20. 32 cm) 
3. The compacted subgrade layer of sand and gravel is 
12 inches (30.48 cm) in thickness 
When the pavement is tested with the nuclear gauge, the source 
rod is settled exactly on the A/C slot and touches the wearing 
surface. · There is no need to drill a transmission hole. It 
should be noted that the dual position CPN backscatter feature 
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Fig. 20. Testing on asphaltic concrete at the Central 
Florida Research Park. 
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Fig. 21. Definitions of terms relative to the standard 
pavement section at the Central Florida Research Park, with 
dimensions and materials for each component. 
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provides a means of selecting a shallow backscatter position (AC 
position) for best results on thin lift asphaltic concrete and a 
slightly deeper backscatter position (BS position) for use on 
soils or ·very thick asphaltic concrete. The dual backscatter 
position, therefore, permits a more flexible use of the device. 
The test results are tabulated and presented in Table 5. 
The bulk densities measured by the nuclear gauge ranged from 100.56 
pcf to 116.84 pcf. The average bulk density was 106 pcf. The 
wearing surface, based on ASTM grade 3, should have a density of 
133.1 pcf. However, specifications in the job contract called 
for 98% of the actual AASHTO T-180 (Modified Proctor Test), which 
gives a density of 130.48 pcf. The value obtained by the nuclear 
gauge shows a large discrepancy with the actual value. This is 
due to the fact that CPN measurements have been affected signifi-
cantly by the soil-cement base since the asphalt surf ace layer has 
only 1.5 inches of thickness. The readings from the gauge were 
also affected by the surf ace heterogeneities and roughness of the 
pavement. 
Data from Concrete Testing 
The nuclear gauge is also commonly · used for determining the 
density and moisture of concrete slabs. In order to test the 
capability of CPN MC-1 unit on concrete, 57 tests were conducted 
on some pavements and paths of the UCF campus (the Library circle 
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TABLE 5 
NUCLEAR GAUGE DATA FROM TESTING ON ASPHALTIC CONCRETE 
Test Ratio Bulk Density, pcf 
1 0.7852 104.36 
2 0.7701 105.94 
3 0.7618. 106.82 
4 0.7487 108. 23 
5 0.7911 103.76 
6 0. 789 7 10 3. 90 
7 0.7718 105.76 
8 0.7665 106.32 
9 0.7781 105.10 
10 0.7769 105.23 
11 0.7577 107.25 
12 0.7548 107. 5 7 
13 0.7526 107.80 
14 0.7548 107.57 
15 0.7169 111. 75 
16 0.7681 106.15 
17 0.7310 112.20 
18 0.6735 116.84 
19 0.7355 109.67 
20 0.7624 106.75 
21 0.7614 106.85 
22 0.7383 109.36 
23 0.7814 104. 76 
24 0.7756 105.36 
25 0.7911 103.76 
26 0.7522 107.85 
27 0.7854 104.34 
28 0.7575 107.28 
29 0.7885 104.02 
30 0.8154 101. 31 
31 0.7767 105.25 
32 0.7844 104.45 
33 0.8005 102.80 
34 0.8036 102.49 
35 0.7765 105.28 
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TABLE 5 (Continued) 
Test Ratio Bulk Density, pcf 
36 0.7855 104.23 
37 0. 8230 100.56 
38 0.7506 108. 02 
39 0.7622 106.77 
40 0. 7 89 3 101. 94 
41 0. 7 816 104.74 
42 0.8095 101. 90 
43 0. 7891 103. 96 
44 0. 7530 107.76 
45 0.8230 100.56 
46 0.7926 103. 60 
47 0. 7 5 79 107.23 
48 0.7338 109.86 
49 0.7467 108.44 
50 0.7677 106.19 
-
x 105.998 
s 0.232 
a d t. 11 e at be een t:he Chemistr Comp11 ter e t:er and I .1 gi eer . ng, !I 
i i i 1gs . he da. a gat ere ring t : is S ·1 e are g · e 11 a e 
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It should be note that t h e wet densities differ signi.ficant.ly 
from t e al e of 15 · cf norma ly 1 sed in con re · e · esi0 ,, ca a-
tions. In fact, the pa e · ents,. alt ', g fre ue tl s ' ·iec 1ed t: 
load.i g of sen.dee vehicles ca sing 1cracks i the c ncrete, are ot 
specifically structural embers i e foundati· 
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TABLE 6 
NUCLEAR GAUGE DATA FROM TESTING ON CONCRETE 
Test Moist Moisture Dry 
No. Density, pcf Content, % Density, pcf 
1 110.81 14.16 97.06 
2 112.21 13.86 98.55 
3 112.62 12. 39 100.2 
4 114.41 16.55 98.16 
5 116.55 12.97 103.17 
6 112.14 13.55 98. 76 
7 111.69 13.29 98.59 
8 115.45 14.08 101.2 
9 120.68 7.95 111. 79 
10 118.29 8.27 109.25 
11 122.49 9.4 111. 96 
12 124.59 8.84 114.47 
13 121.19 9.12 111.06 
14 121. 3 8.18 112.13 
15 123.62 8.00 114.46 
16 120.96 9.6 110.36 
17 123.85 9.28 113.33 
18 122.38 9.23 112.04 
19 125.87 8.7 115.8 
20 113.24 12.26 100.87 
21 117.87 12.83 104.47 
22 119. 82 8.67 110.26 
23 119.57 12.1 106.66 
24 119.44 12 .11 . 106.54 
25 116.34 11. 83 104.03 
26 117.5 12.1 104.82 
27 115.78 11.27 104.05 
28 110.45 ~ 12.95 97.79 
29 111. 75 13.14 99.77 
30 113.7 13.85 98.87 
31 114.95 13.29 101. 46 
32 112.67 13. 09 99.63 
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TABLE 6 (Continued) 
Test Moist Moisture Dry 
No. Density, pcf Content, % Density, pcf 
33 120.15 13.38 105.97 
34 121. 42 11. 96 108.45 
35 120.23 13.38 106.04 
36 124.74 13.53 109.87 
37 120.00 13.11 106.09 
38 122.12 12.83 100.23 
39 121. 22 13.29 107.00 
40 120.12 10.13 109.07 
41 116.29 10.16 105.56 
42 119.11 10.27 108.02 
43 118.16 11.25 106.21 
44 121. 53 8.82 111. 68 
45 116.1 7.56 107.94 
46 117.23 7.03 109.53 
47 113.89 7.25 106.19 
48 119.03 7.73 110.49 
49 118.46 7.86 109.83 
50 114.2 8.56 105.19 
51 114.15 8. 7 105.01 
52 116.29 8. 72 106.96 
53 118.36 9.42 108.17 
54 116.79 9.25 106.9 
55 120.94 10.88 109.07 
56 118.73 10.03 107. 91 
57 118.66 10.96 106.94 
-
x 117. 9 3 10. 93 106.24 
s o. 94 0.43 1.22 
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In general practice, the secant modulus of elasticity, 
referred to as E , is related to the wet density of concrete by 
c 
the ACI Code Committee's empirical equation: 
E = 33 pl. S 
c 
If""' 
c 
where f' is the ultimate strength of the concrete and p the wet 
c 
density from the MC-1 nuclear gauge. If f' is previously determined 
c 
by subjecting concrete cylinders of same composition and 
characteristics to compression, one may obtain the modulus of 
elasticity, E , by using the nuclear gauge density results. 
c 
CHAPTER VI 
COMPUTER PROGRAMS 
The Least Squares Technique Computer Program 
The method of least squares is a common technique for determining 
the curve y = f(x) which best fits a set of data points (x 1 , y 1), 
Cx2 , y2), ... , (~, yM). The method is based upon the concept of 
minimizing the of the square deviations 2 2 sum or errors, sl + s2 + 
2 
where is the ith deviation or That is, for . . . + SM' s . error . l 
a given x., s. is the difference between the original data point 
l l 
y. and a value y = f(x.) which is calculated from the fitted curve 
l l 
(Figure 22). 
The method is commonly applied to power functions, exponential 
functions and to polynomials. In each case, the method requires 
solving a set of simultaneous, linear algebraic equations, where 
the unknown quantities are the constants in the equation of the curve. 
Suppose one wishes to pass a linear function y = c 1 + c2x through 
a set of M data points. It is necessary to use the equation of the 
straight line and the coordinates of the points of the data. The 
deviation or error of these is indicated and squared. The problem 
then arises as to the method of determining the constants c 1 and 
c 2 in the equation of the line y = c 1 + c 2x for which these squares 
are a minimum. Since squared quantities are involved, the problem 
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is one of finding the minimum of a quadratic-type function. The 
following example indicates the method employed. 
y 
y. 
l 
y=f (x .) 
l. ]~i = ===: 
• 
I 
I 
I 
I 
I 
I 
I 
I 
I 
x. 
l. 
• 
• 
= f (x) 
x 
Fig. 22. Best fitting curve through a set of data points. 
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2 The quadratic function y = x - 8x + 19 represents the equation 
of a parabola for which the minimum value occurs at the vertex. 
The x-coordinate of the vertex is thus to be determined. To do 
this, the square of the x-terms is completed and the rearranged 
expression for y is: 
2 y = (x - 4) + 3 
If x ~ 4 , then y = 3. If x is anything other than 4, y > 3, since 
(x 4) is squared and is always positive for values other than 
x = 4 . Therefore, the minimum value of this function is 3, and it 
occurs at x = 4. 
By finding the deviations, squaring, and then applying the 
method above for finding the minimum of the sum of the squares, 
the equation of the least-squares line can be found by solving 
the system of equations: 
M 
Mc 1 + ( I xi)c2 = i=l 
to determine the constants c1 and c2 . 
M 
I 
i=l 
y. 
1 
M 
I 
i=l 
X.Y. 
1 1 
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The Program Outline 
In order to outline the program, the following variables and 
arrays were defined: 
1. X = column vector containing data values x. 
l 
2. Y = column vector containing data values y. 
l 
3. A = matrix containing the coefficients of the unknown 
constants in the system of linear equations 
4. B = the inverse of A 
5. c = column vector containing the unknown constants 
in the system of linear equations 
6. D = column vector containing the right-hand terms in 
the system of linear equations 
7. Ml = input quantity which indicates the number of x-data 
8. M2 = input quantity which indicates the number of y-data 
9. N = input quantity which indicate·s the curve to be used. 
For example, N = 2 entered to run the program 
implemented in this paper indicates the first-degree 
polynomial y = c1 + c 2x, and 
10. Nl =number of simultaneous, linear ·algebraic equations 
The outline of the program given in Appendix B proceeds as 
follows: 
1. Read the input data. Read a value for N, thus specifying 
the particular curve to be fit. Also, read Ml values for 
x. followed by M2 values for y .. 
l l 
2. Calculate log x. and logy. if N = 0, or calculate log 
l l 
y. if N = 1, foi i = 1, 2, .•. , M. 
1 
3. Calculate the elements of the arrays A and D using 
the appropriate formulas for the particular curve 
selected. 
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4. Print out the elements of A and D. 
5. Solve the simultaneous, linear algebraic equations. 
6. Print out the values obtained for the unknown constants 
(the elements of the array C), in a form that shows the 
equation of the curve selected. 
7. Calculate y(x.) for i = 1, 2, ••. , M. 
1 
8. Calculate the sum of the square deviations or errrors 
2 2 2 
sl + s2 + + sM. 
9. Print out x., y. and y(x.) for i = 1, 2, ... ,Mand then 
print out t~e s~m of the 1 square deviations or errors. 
10. Print out the calculated arithmetic means and standard 
deviations of the data values x. and y .. 
1 1 
11. Represent graphically the data points and the curve 
fitting them. 
Computer Program for Determination of Density 
and Moisture from Nuclear Gauge Data 
The input parameters are the standard counts for density and 
moisture, and the field counts for density and moisture. The type 
of measurement (AC for asphaltic concrete or concrete, BS for back-
scatter or TR for transmission) is also required. 
The next step is the computation of the ratio (field count 
divided by standard count). Once the ratio is available, the wet 
density is calculated from the equation of the appropriate caliora-
tion curve and the moisture is calculated from the equation of the 
moisture calibration curve. 
The dry density is then found by subtracting the moisture (pcf) 
from the wet density. The percent of compaction, if needed, may be 
determined by dividing the dry density by the maximum dry density 
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given by the Proctor test. The percent moisture i.s calculated and 
the ouput results are displayed in a tabulated form. 
This computer program, written in Basic, allows the nuclear 
gauge operator to know immediately the density and moisture content 
from the field data as an alternative for using the tables or cali-
bration charts. The program listing is given in Appendix B. 
CHAPTER VII 
SUMMARY AND CONCLUSIONS 
The present research paper covered a brief literature review and 
history of the development of nuclear gauges for determination of den-
sity and moisture content of different materials (sand, clay, etc.). 
Some principles of nuclear physics were recalled for a better under-
standing, knowledge and utilization of the CPN MC-1 nuclear gauge. 
The fundamental steps to carry out an experimental investigation were 
exhaustively described, including the operational procedures of the 
CPN MC-1 instrument, the requirements for the site selection and pre-
paration, and the computation of the density and moisture content 
from the appropriate calibration curves or charts. Data were col-
lected on sand and clay in tandem with the sand cone, and tests were 
also conducted on concrete and asphaltic concrete pavements by using 
the MC-1 unit. All results were analyzed and compared to the actual 
values. 
Some interesting conclusions were drawn from this experimental 
investigation. First, the survey made by testing sand, clay, as-
phaltic concrete and concrete corroporated the fact that destructive 
traditional field tests take too much time. With the CPN MC-1 nuclear 
gauge operating on its two channels (density and moisture), the 
tests can be conducted rapidly and results available within minutes. 
Therefore the contractor and engineer know the results quickly, and 
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corrective action may be taken before too much additional fill has 
been placed. Since more tests can be conducted, a better statistical 
control of the fill is provided. An average value of the density 
and moisture content is obtained over a significant volume of fill, 
and therefore the natural variability of compacted soils can be 
considered. 
Results obtained by using the CPN MC-1 nuclear gauge in con-
junction with the sand cone replacement technique show the accuracy 
and the reliability of the nuclear equipment. However, because of 
the decay of the cesium and americium sources, calibration against 
compacted materials of known density is necessary. When the MC-1 
gauge performs on a surface, the presence of an uncontrolled air 
gap can significantly affect the measurements. Disadvantages also 
include its relatively high initial cost and the potential danger 
of radioactive exposure to field personnel. Strict radiation safe-
ty standards must be enforced when nuclear devices are used. Ne-
vertheless, the risks of radioactive contamination have been 
substantially reduced in the CPN MC-1 nuclear gauge. Proper shield-
ing lowers the average radiation level at 2 feet to 0.5 millirem/ 
hour, and a user following normal operating procedures will absorb 
approximately an accumulation equivalent to only 1/400 of the allowed 
dose. 
The multiple obvious benefits induced by the use of soil testing 
nuclear gauges during the past few years have encouraged further re-
search in this domain. Recent technological developments have qlready 
produced more sophisticated nuclear gauges. The CPN MC-2 portaprobe 
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uses an Intel 4040 microprocessor combined with memory chips and 
assorted other components to provide a powerful, programmable com-
puter. It permits direct display of raw data, direct reading in 
engineering units, and computation and display of the final percent 
compaction using programmed Proctor or other optimum density values. 
One of the major productors and pioneers of soil testing nuclear 
devices, Troxler Electronic Laboratories, Inc., has also designed a 
unit, the 3411-B, which presents similar functions to the CPN MC-2 
nuclear gauge . Their utilization increases the speed and accruracy 
of density and moisture content measurements, and contractors using 
either of these gauges possess a reliable asset in order to parti-
cipate in a bid offer for earthwork construction projects. 
APPENDICES 
APPENDIX A 
OPERATION MANUAL 
98 
Operational procedures 
The panel control, as described in the MC-1 moisture-density 
training manual on page I-3, are explained with reference to the 
gauge keyboard, represented in Figure 15. Each touchkey is outlined 
below: 
1. MODE SELECT (PROGRAMMING) 
a. CLEAR: 
b. LOCK: 
c. STD: 
d. TEST: 
Stops count in progress, stores this count, 
does not reset this count to zero. Cancels 
any prior program keys (Dor M-ONLY). Pushing 
a DISPLAY touchkey will produce a display of 
the stored count. Note that the gauge will 
go through its normal, rapid shutdown "beep" 
to alert the operator that the gauge was 
stopped deliberately and not automatically. 
Interlocks TEST and STANDARD to prevent 
accidental field actuation of either of 
these functions. LOCK by itself will 
do nothing. 
When pressed simultaneously with LOCK, will 
erase all four memories and will initiate a 
four-minute count into all four memories. 
This provides a check on the performance of the 
memories. The stored readings are normalized 
to the 1/4 minute time base for ease of 
operator computation. STD by itself will do 
nothing. The STANDARD memories will be retained 
for future recall. Pushing any of the four 
OPERATIONS buttons will erase the standard 
count stored in the D-DATA and M-DATA 
memories and they will count normally. 
When pressed with any DISPLAY key, will 
light all 8~s to test the display and the 
display command system. When pressed alone, 
it displays a random number which should be 
discarded. When pressed simultaneously with 
LOCK, will erase all four memories and will 
initiate a ope-minute count into all four 
memories. The displays will each read 65536 
2. 
e. D-ONLY: 
f. M-ONLY: 
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if the test signal has been properly 
processed. This tests all digital circuitry 
in the gauge, but does not test the analog 
circuitry (high voltage supplies). 
Arms gauge to count Density only, retaining 
last moisture count. D-ONLY is cancelled by 
pressing an Operations Key or pressing CLEAR. 
Same as D-ONLY, except that only moisture 
is counted. 
OPERATIONS (START) 
a. 1/4 min: Initiates 1/4 minute count cycle. Use for 
STAT-CHECK statistical check. 
b. 1/2 min: Initiates 1/2 minute count cycle. 
c. 1 min: Initiates one-minute count cycle. 
d. 2 min: Initiates two-minute count cycle. 
NOTE: Pushing any Operations key will immediately· restart the 
gauge and will supersede prior command. 
3. DISPLAY 
a. D-DATA: Displays Density count. 
b. M-DATA: Displays Moisture count. 
c. D-STD: Displays Density standard count. 
d. M-STD: Displays Moisture standard count. 
RE D = PROGRAM 
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RATIO MOI~:T 
o. (1t,4 o. 2:. 
0. 069 0. ':·O 
o. 074 (>. 75 
C>.079 1.00 
0.084 1.25 
0.089 1.50 
o. 095 1. 75 
0.10(> 2.00 
0.10':· 2.2':1 
0. 1 1 (l 2. 50 
0. 11':· :::. 75 
(l • 1 :: (l _::: • (1 (l 
0.125 
o. 13 1) 
0.136 
C>.141 
o. 146 
o. 151 
( 1 • 15(:. 
C>. l c· l 
0. 166 
o. 1 71 
0.177 
::::. 50 
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4.00 
4.50 
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':·. (I <) 
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·-·· ~ - ' 
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C" ""'7C-
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(I • 1 9 2 6 • 5 i) 
o. 197 /.;.. 75 
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0.207 7.25 
0.212 7.50 
o. 21 i::: 7. 75 
0.223 8.00 
o. 22:3 8. :;r:; 
o. 23 ·3 ·=:. 51) 
0. 23:=: 8. 75 
0.24'3 9.00 
0.248 9.25 
0.253 ?.50 
0.259 9.75 
o • .2e·4 1 o. O'J 
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TABLE 7 
MOISTURE CONTENT 
RA TI 0 MO l'.::T 
(l. 26 ·~· 10. :25 
(l • 2 7 4 1 (l • ':· (1 
o. 27'7' 10. 7:_, 
(l. 284 11 t)I) 
0. 2:::9 11. 25 
0.294 11.51) 
( 1 • :3 0 (l 1 1 • 7 5 
(i. 305 12. 0 1) 
0 • :::: 1 (l 1 -:-· 2 '5 
0.315 1.2.50 
o. ::::20 1 :2. 75 
( 1• 325 1 ~:. (l(l 
o. 33(1 1:3. 25 
f) • 3 35 1 3 • 5 ') 
o. 341 1 : : . 75 
0 • '3 4 (:. l 4 • 01:1 
o. 3':1 1 14. 2:. 
o. 3:0(:. 14. ':<> 
0. '361 14 7":1 
(>. :3e,.:. 1 :· •. 00 
(I • ::;: 7 1 1 5 • :::: :. 
o. ·377 1 5. 5 •) 
o. 3::;:7 1 (:.. (l(l 
o. 3q2 1 t .. 25 
0 • '3 ·~1 7 l (;. • 5 !) 
(> • 4 (> 2 1 t, .• 7 5 
(l • 4 0 7 1 7 • (H) 
0.412 17.25 
0.418 17.50 
0. 4::: :J 1 7 • 7 5 
o. 428 1 :=:.(II) 
0. 4 ::;: ·;: 1 :=:. ::s 
0. 4 38 1 t: • 5 r) 
(l • 4 4 :3 1 ::: • 7 5 
O. 448 1 '':J OU 
(I • 4 5 ::: 1 9 • 2 5 
o. 45·;.i 19. 50 
0.4~.4 19.75 
0.4(:.9 20.00 
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0.479 2 C>.~.c) 
( 1 • 4 f : 4 2 (> • 7 5 
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0.4S:'4 21.25 
0 • 5 (l (l 2 1 • 51) 
U • 5 1) 5 2 1 • 7 :,, 
(l • 5 1 ') 2 .2 • (_)() 
(' • 5 1 5 2 2 • 2 5 
(l. 520 22. ':11) 
(l. '54 1 
(1. ~.4 .~ . 
u. 5':1 1 
1_1 • ~· S t· 
i). 1561 
(1. ~ '~· t· 
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(> • . ::.(l.2 2 6 . 5r:i 
( 1 • t,(17 26. 7:. 
(> • ·~· 12 ?_ 7 • (II) 
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(1. t.2 ·~: 27. 50 
(l. 1:..2::.: 27. 75 
(l. ·~ · '33 2 : :. I)<) 
,...,,-, ..-.c 
.::.,: .. ~ -· 
1). 64 ~: 2:=:. 5(1 
U. tA ::.: ::: :: :. 7:. 
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0. t..l:.S' 2·::;· . 7:. 
(l • (:. 7 4 :3 0 • <)') 
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RATIO MOIST 
0. f:_, 7 'i 3 0 • 25 
o. t. ::::4 :::o. 50 
0. 6:::·? 30. 75 
(> • (:. 9 4 :;: 1 • (l (l 
0.699 ::::1.25 
o. 705 :31 50 
0.710 31.75 
0.715 32.00 
0.720 32.25 
0.725 32.50 
0. 7:::0 32. 75 
O. 7 ::;:5 :;::;:. 1)0 
0.740 
(>. 7 4(:. 
( 1 • 751 
.-, .-1 ·---~ ~I;. •• .;.. ,..) 
·33. 50 
o. 75~. 34. 00 
o. 7 61 J4 . 25 
1). 7 6 (:. '.:;:4. 5(> 
0 • 7 7 1 :; : 4 • 7 5 
0 • 7 7 (:. '.:;:c_:, • (II) 
( 1 • 7:=: 1 :::'.5. :::5 
1). 7 ::_:7 3: .. 50 
0.792 .-.c- "'"TC"' • .:• _1 • I -' 
1). 7 9 7 3(:.. (l(l 
o. ::.:o::: ::::6. 25 
o. :;:u7 :::c.. so 
(l • 8 1 2 :;: ~. • 7 5 
o . :?, 1 7 ';;: 7 • 0 (> 
0.:::2::: 37 • .25 
0.828 37.50 
t). 83 :~'. 37. 75 
o. c:38 :;:::.:. oo 
o. f:4 ::;: 3'=:. :25 
0. :;:4:=: :::8. 50 
o. t::5::.: 39 • 0 (l 
o. t:~<.:: :~:9. :::s 
(l. ::.:t.9 39. 50 
O.t:74 39.75 
0.879 40.00 
RATIO DENSTY 
1. ('~· 1 80. (J 
1. 0~·4 80. 5 
1. 04 7 81. 0 
1. 041 81. 5 
1.034 8:'..0 
1. 028 
1. 0:22 
1.015 
1.009 
1. ')03 
0. Ct'?t, 
0.99U 
(). 9:::4 
0.978 
0.?72 
C>. 966 
0. 9,;.(l 
0.954 
o. 94~: 
0.94:.: 
o. 93~. 
o. 93(1 
(1.925 
0.919 
Q. 91 ·:: 
0.907 
0.9U.? 
o. ~:96 
0.8'=='1 
o. 8~:5 
o. ::;:::o 
o. t!74 
o. 8t.9 
0. 8c.::: 
0. :~:i:.::· 
0. f:~. ·3 
0. :::4 7 
0.842 
83.(J 
83 .. 5 
84.0 
84.5 
85.0 
E:5. 5 
8(:.. 0 
87.0 
87.~ 
88.0 
88.5 
89.0 
89.5 
90.0 
90.5 
91. (l 
91. 5 
9:?.0 
9~.5 
'?3. (l 
93.5 
94.0 
94.5 
95.0 
95.5 
96.(l 
96.5 
97.0 
97.5 
98.0 
98.5 
(1.837 99.0 
0.8:::2 99.5 
0.827 100.0 
0.822 100.5 
0.817 101.0 
C>.E:ll 101.5 
0. 806 l(J,:?. 0 
0.802 102.~ 
0.797 103.0 
C>.792 103.5 
0.7€:7 104.0 
0.782. 104.5 
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TABLE 8 
ASPHALTIC CONCRETE 
RATIO DENSTY 
0.777 105.C> 
C>.772 105.5 
0. 7 6 8 1 (l f.:, • 0 
o. 76~: l 06. 5 
(> • 7 5 ::;: 1 0 7 • (I 
0.753 107.5 
0. 749 108. (l 
0 • 7 4 4 1 0 :=: • 5 
0.740 10?.0 
0.735 109.5 
0 . T3 1 1 1 0 • 0 
0.726 110.5 
0.722 111.0 
0.717 111.5 
0 • 7 1 :~: 1 1 2 • 0 
0 • 7 0 c:: 1 l 2 • 5 
0.7(14 113.0 
0.700 113.5 
0.695 114.0 
(> • t . ::-1 1 1 1 4 • 5 
0. t .87 11 5. 0 
0.68.?. 11: .. 5 
o. 1:. r: i ti: . • o 
C>.674 116.5 
0 • C· 7 (> l l 7 • 0 
0 • t· (:. t. 1 1 7 • 5 
0. 66:2 11 :=:. 0 
0 • 6 5 '?. l it: • 5 
0.654 119.(1 
0.6~·0 119.5 
o.t-46 120.0 
0.64~ 120.5 
0. 6 "3E: 121 • 0 
0.634 121.5 
0.630 122.0 
0.627 122.5 
0.623 123.0 
o. t:.19 123. 5 
0. c· 1 5 124. 0 
0. c· l 2 12 4 • 5 
o. c.oe 12s. o 
0.604 125.~· 
o. 601:1 126. 0 
0.597 126.5 
0.593 127.0 
C>.~90 127.5 
0.586 12E:.O 
0.582 
0 .. 575 
128.5 
129.0 
129.5 
0.572 
(l. 5t.8 
o. ~·65 
(1. 562 
o. 5':.e 
(l. 555 
1 :;:o. (1 
1 ·;: r). 5 
i:::: 1. '=' 
1:;:1 • :. 
1 :~: 2. 0 
1 :::::: • : . 
1 ·: : : : • (1 
1 ·:; : ·~:. s 
('. 545 1 :;:4. ( 1 
0.:.41 i : ::4.5 
0. s:::::::: 135. (' 
0. 5 3 5 1 :::: 5 • 5 
o. 5 ·3:.:: 1 :;:t .• (I 
0. 52·:;, 
0.525 
(I. ~·22 
( 1 • 519 
0.516 
o. 51?: 
1 ::::<:.. 5 
l :~:7. ( 1 
137.5 
l ;::::. (I 
13:::. 5 
1 :;: s.·. (_"\ 
0. 51 0 1 :::: 9 • 5 
o.~·07 140.0 
0 • 5 0 4 1 4 ') • :. 
(I • 5 0 1 1 4 1 • (' 
0. 4 si:3 141 . :. 
(l .. 4 95 1 4 .:: • 1) 
0 • 4 ·:;i .2 1 4 2 • 5 
0. 4 8 ·;· 14 -:;: • ( l 
0. 4 :?,(:. 1 4 ·::: . 5 
o. 4:3 :::: 144. (l 
(> • 4 ::=: ') 1 4 4 • 5 
0.477 145.(l 
0.474 145.5 
0. 4 7 l 1 4 .: .• (I 
0.469 146.5 
0. 466 14 7. (1 
o. 4c<3 14 7. ~· 
0. 4 6 (l 1 4 8 • ( 1 
o. 4 5 7 1 4 :;::: • 5 
(I • 4 5 5 1 4 ·;1 • (l 
C>. 452 14·::-1 • :. 
0 • 4 4 9 1 5 1) • (' 
0.447 150.5 
0.444 151.(1 
0.441 1~·1.5 
o. 439 15:2. ( 1 
(>.43(:. 152.5 
o. 433 153. (\ 
0.431 
0.428 
o. 42c· 
153. 5 
154. (I 
154. ~; 
RAT I Ct DEN·:;TY 
o. 423 15~·. 0 
o. 421 155. 5 
o. 41:=: 15 1~ •• 0 
0 • 4 l t· l ~· .:: .• 5 
(l • 4 i-::: 1 5 7 . (l 
0 • 4 1 l 1 5 7 • ~; 
o. 40::: 15:?. 0 
0.406 15:3.5 
0 • 4 0 4 l 5 ·:;· . u 
0 • 4 0 1 1 s ·~ . 5 
( 1 • J'~1 9 1 (:.0. (l 
o • :?. ·-:n 1 6 i) • s 
o. 394 161. (I 
0. :::: 9 2 l 6 1 • 5 
0 • :;: '? 0 1 ~. 2 . (l 
0. 3 :=: 7 1 6 2 • 5 
o. ::;::35 }t. :: : . (l 
0. 3f:-::: 16 ::: . 5 
0 • :::: 8 1 1 (:, 4 . 0 
0 • :::: 7 :::: l b 4 • '=· 
0. :3 7 b 1 (:, 5 • (l 
0 . 3 7 4 l l· 5. :. 
0. 37 2 16r~ .. (i 
0.369 lf:..6.C:· 
0 . :~: (. 7 1 6 7 . (i 
0. 3l·5 1 67. :. 
o . .::: 1;.. ·:.::- i t.. e . o 
(l. 3(:.1 168. 5 
( 1 • 35'? 1 (:. '? . ( 1 
(l • '35 7 1 t.'~I 0 5 
0. ·:::55 170. (1 
(l • ::: 5 ~: l 7 (l • s 
(l • 3 5 1 1 7 l • C1 
0. 3 4 ~: l 7 1 • 5 
0 • :3 4 t . 1 7 ~ • ( 1 
o. 34't 172. :. 
0. 34 2 1 7 .::: • ( 1 
(i • ·3 4 Cl 1 7 ::: • 5 
(I • 3 3~: · 1 7 4 • (l 
(l. ·337 174. ~I 
(I• :;:3~. 1 75. (l 
C>. 3 3 ~: 1 7 5 • 5 
o. 331 176. (l 
0. 3:''~/ 17.':... ~. 
0 • ~:2 7 1 7 7 • (! 
(I. 325 1 77. ':1 
0 • 3::: 3 1 7 :~: • (I 
o. 321 178. 5 
0 • 3 l 9 l 7 ·?. ( 1 
o. 31€: 179. 5 
DENSITY IN LBS/CU-FT =-LOGN(lRATlO -0.0:34 )/ 2.887]/ o.ul29 
COUNT: [IENS I TY 3835: 107. 2 277 6: 133. 6 1 92·;:: 164. ::: 
RATIO DEN~. TY 
~. :=:7:3 :::o. o 
2. 854 2 1). 5 
:: • 8 3 4 t:: l • 0 
2.815 ~: 1.5 
2 • 7 q I;.. :=: 2 • 0 
2.777 8.::.5 
:2 • 7 5 9 E: 3 • 0 
2. 7 4 (> 83. 5 
2.721 84.0 
2 • 7 (> :.: 8 4 • 5 
~ • .::.:::5 85.0 
2. C.U:· 85. 5 
:.:.tA :~. 86.0 
2. 620 86. 5 
:: . (:.1 3 87. 0 
::: . 50:. 87. 5 
::: • ~5 77 :38. 0 
::.5(:.(l 8:3.5 
::: • ':-4.:: 89. 0 
:: . 5::5 89. 5 
::: • '".:· 1) ~· 9 0 • 0 
.::.4 -.:; 1 
:2.474 
2.457 
:.: .441 
·2.4.::4 
::: • 4 t) ~: 
::: • : :Q 1 
.- , .-.-,c-
._ .. .;• / ·- ' 
::..311 
.-, '":>~1= 
~ ..... .. _, 
2.2lA 
2. 24S· 
:: • ~(>3 
2. 18E: 
:10. 5 
91.0 
91. 5 
92.0 
92.5 
93. (I 
93.5 
94.0 
94.5 
95.0 
95.5 
96.0 
96.5 
97.0 
97.5 
9~:. 0 
98.5 
99.0 
9'?. 5 
100.0 
2.173 100.5 
2. 158 101. 0 
2.144 101.5 
2. l ::.";i 102. 0 
2. 115 102. 5 
2.100 103.0 
2.086 103.5 
:: • (' 7:: 1 04 • 0 
2.057 104.5 
105 
TABLE 9 
BACKSCATTER 
RA TI Ct DENS TY 
:2. 043 105. (I 
:2.029 105.5 
2 • 0 1 6 1 (l t: .• (I 
2. 002 l !)(: . • 5 
1.98:3 107.0 
1. 975 107. 5 
1 • 9 (:. 1 1 0 E: • CT 
1.948 108.5 
1. 934 109. 0 
1 • '?21 1 09. 5 
1.908 110.0 
1. 895 11o.5 
1. E:82 111. 0 
1. 869 111. 5 
1 . 85 1S 112. 0 
1 • 8 4 ;: 1 1 2 • 5 
1.831 113.0 
l • ::: 1 ::: l 1 3 • 5 
1 • ::: 0 6 1 1 4 • (I 
1.793 114.5 
1 • 7~: 1 11 5. (l 
1.7(:.9 115.5 
1.757 116.0 
1.745 116.5 
1 • 73:; : 1 1 7. (I 
1. 721 11 7. 5 
1 • 7 0 9 11 f: • 0 
1 • f:.. 9 7 1 1 :=: • 5 
l • (:. ~:r:. 1 1 '?. (I 
1.674 119.5 
1.662 120.0 
1.651 120.5 
1. (:.39 121. 0 
1 • 6 2 ~: 1 21 • 5 
1 • (:.1 7 122. (l 
l.t.06 122.5 
1. 595 123. (l 
1.584 123.5 
1 • 5 7 3 12 4 • (1 
1.562 124.5 
1. 551 125. 0 
1. 540 125. 5 
1.530 126.0 
1.519 126.5 
1. 509 127. 0 
1.498 127.5 
1. 488 12E:. 0 
1. 478 128. 5 
1. 467 129. 0 
1.457 129.5 
f.:AT l (I DE.t-L1 Y 
1 • 4 4 7 1 ·::c1. o_l 
1. 4::_::7 1 ::: 1) . 5 
1 • 4 2 7 1 ; : 1 • ( ' 
1 • 4 l 7 1 ~'. 1 . 5 
1. 4 (>7 
1. 398 
1 -::::::: . ( • 
1 :::..: • s 
1 ; :·=:. (l 
1 • 3 7 8 1 ::: ·; : . 5 
1 • :;:1.:. 9 l :::4. (l 
1 • 3 5 S1 1 3 4 • :. 
1 • ::;:5(1 1 ·35. 0 
1 • 3 4 (! l ~: : •• 5 
1 • 3 3 1 1 :=: r.:. • c 
1 . 3 l :3 1 :::: 7 • (I 
1 • 3 0 3 1 ·~: 7 • 5 
1 • 29 4 1 3 €: • (' 
1 . 27l· l '3'?. ·~l 
1. 2t.7 1 ::: ·~·,. :. 
l • 2 r_:, ·:.1 1 4 <) • 0 
l. :'.5') 14 ') . :. 
1. 241 14 1 . ( 1 
l • 2 :;: ~ l 4 1 . 5 
1. 224 1.4:::. ( t 
1 • 2 l :. 1 4 2 • ':· 
1. 207 14·;:. ( 1 
1 • 1 9 :.:: 1 4 :;: • 5 
1. 1 90 144. 1) 
l • 1 :=:.:: 1 4 4 • 5 
1 • 1 7 ~: 1 4 ':· • ( 1 
1.165 14':1 .r5 
1 • 1 5 7 . l .q (.. • (_) 
1 • 1 4 9 1 4 ·~· • -=· 
1 • 1 ~ 1 l 4 7 • (1 
1 • 1 3 ~: 1 4 7 • :. 
1 • 12~· 1 ~ :=:. 0 
1 • l 1 7 l 4 :;: • 5 
l • 1 IYi 1 4 ·~/ • (' 
1.101 14 ·~1 .':· 
1. 09 3 1 :.o. ( I 
l • o:=:.~. 1 '=·'). 5 
1 • 0 7 ::: 1 ~· 1 • (\ 
l • (l 7 1 1 5 l . 5 
1 • 063 l 5:::. (I 
1. 055 152. 5 
1. 04E: 15:3. (' 
1 • 041 1 5 ·3. 5 
1.0:33 154.() 
1. 026 154. 5 
RATIO DEN·.:.TY 
1.01'7' 1':·5.0 
1 • (_I 1 :: 1 5 ·:. • 5 
l • (1 1)4 156. ( t 
o. t:•·.'17 1 56. :. 
o. ·~·"7' ( 1 1 57. ( l 
1::>. '?' .. c: ·:: i 57. s 
0. 976 15E:. 0 
0 • 91.:. .. ~.. 1 :. ·::: • 5 
o . 9 ( .:: 1 5 9 • 0 
0. s.·4·=: 160. 0 
0 • ·:;i 4 : · 1 .~ . C> • S 
0 . ·:;· ;: 5 1 6 l • (' 
(i • 9 2 ·~; 1 61 • 5 
I). 9:;.:::: 16:2. ( l 
0. ·:;i 1 :. 1 {~ . 2 • 5 
o. 9(l';· 1 f.:.'3. ( l 
o. 90.2 1 (:. :3. :. 
o. :::s·t. 164. ') 
o. ==:9t) 164. :. 
0. :::::: ~'. 165. 0 
0. '=:77 H:-':°•. : . 
o . e 7 1 1 ~. 1;. • o 
') • ::: (:. 4 1 t. t .• 5 
( 1• c:s:: l t.7. ( l 
o. :::5:,: 1 .~.7. ':1 
(1 • ::: 4 I,;. 1 6 ::: • (J 
0 • s 4 i) 1 6 :: : • : . 
, ) . e :: 4 1 t· ·;i • c) 
(I • 8 .2 .::: 1 6 ·;t • '=· 
0 • ~: :.::::: 1 7 (l • 0 
0 • ::: 1 (:. 1 7 0 • 5 
(1 • :=: l u 1 7 1 • ( 1 
o. :?,(' q 1 71 • 5 
0.7S'9 17::.(1 
o. r· ·~: 1 7 ~. s 
0 • 7 'C: 7 1 7 3 • (' 
(.· • 7 ::- 1 1 7 3 • -=· 
( 1 • 7 7 1:. . l 7 4 • (l 
0.770 174.5 
(l • 7 ( ~· 1 7 ~- • ( 1 
o. 7~·9 175. :. 
0.7':..·4 17l.C 
(1 • 7 4 ::: l 7 /:.. • 5 
0.74.:: 177.(1 
0.737 177.:r 
o. 7~:2 178. 0 
0.727 178.5 
0. 7.:: 1 1 7'?. 0 
0. , 1(:. 1 7~. -=· 
[1E1'J·:.ITY IN LBS/CU-FT =-LOGN(CRATlO+ ( 1.(1?':1 )/ ::::.4•;•(l]/ 0.(1 1 ~: .:: 
COUN1 : DENS I TY 10054: 107.::: f::? ::::(>: 13'3. 6 452:·: 16·L ,;: 
RATICI DENSTY 
0.510 
0.507 
o. :.04 
0. 501 
0. 49::: 
C>. 49:, 
0. 4~:2 
0. 4:=:·? 
0.487 
0.484 
0. 4t: l 
0.478 
0.475 
0.472 
0. 4t.9 
o. 4(:.7 
0.464 
0. 461 
o. 4 ':·t: 
o. 45 .~ 
0. 45 ·;· 
o. 45 •) 
0.447 
0.445 
0.44~ 
O. 44C> 
0.437 
C>. 4 :;:4 
o. 4 :::.: 
0.429 
0.4:27 
C>.424 
0.42:: 
0.41S"J 
0.417 
0.414 
0.412 
E:O. 0 
80.5 
81. (l 
81. 5 
82.0 
o-, C" 
._ ....... .._. 
83.0 
83.5 
E:4. 0 
84.5 
85.0 
85.5 
8~ .• 5 
87.0 
C!7. 5 
€:8. 0 
83.5 
89.0 
90.0 
90.5 
91. 0 
91. 5 
92.0 
·~2. 5 
93.0 
93.5 
94.0 
94.5 
95.0 
95.5 
96.0 
96.5 
97.0 
97.5 
98.(1 
0.4(>9 98.5 
0.407 99.0 
C>.404 99.5 
(1.40:: 100.0 
C>.400 100.5 
o. ':;.:97 101 • 0 
0.395 101.5 
0.393 102.0 
0.390 102.5 
0.388 103.0 
o.:;:86 103.5 
0.383 104.0 
o . 3 ::: l 1 0 4 . 5 
106 
TABLE 10 
TRANSMISSION AT 2 INCHES DEPTif 
RATI 0 DEN'::TY 
o. 379 10~5. 0 
o. 377 1C'5. 5 
o. 374 101.: .• 0 
0.372 106.5 
0.370 107.(1 
0. :::&8 107. 5 
0. :366 108. (l 
0.364 108.5 
0. 3,~. 1 109. 0 
0.359 109.5 
0. :;:57 110. (l 
0. 355 11 (>. 5 
O. 3c5:3 111 • (l 
0.351 11L5 
0. :34 9 112. (1 
0.347 112.5 
o. 34 5 1 1 :3. (l 
0 • -:;: 4 3 1 1 3 • 5 
0 . ·; : 4 1 1 l 4 • (l 
(l. 3 :;:9 114. 5 
0 • ::: 3 7 1 l '5 • ( l 
o. ·33:, 115. :. 
0 • ::: :;: ::: 1 1 6 • (I 
(> • ~: 3 l 1 l 6 • 5 
0.329 117.0 
0.327 117.5 
0. 325 1 1 E:. 0 
(I • :::: 2 l l 1 9 • (I 
0.'31~ 11·~.5 
o. 31~: 120. 0 
0.316 120.5 
0.314 121.0 
0.312 121.5 
o . 3 1 0 1 2 2 • (1 
(>. ~: 0 8 12 2. 5 
0. 307 12·:::. 0 
0.:305 123.5 
0.:303 124.0 
0.301 124.5 
0.300 125.0 
0.298 125.5 
o. 2'-::>6 126. 0 
0.294 126.5 
0.293 127.0 
o. 291 127. 5 
O. 2E:9 128. 0 
0.288 128.5 
0.:286 129.0 
0.284 129.5 
RAT I Ct DEN·:. TY 
0. 2~=: ::::: 13(1. (l 
0.281 130.5 
0. 2 7 9 i-::: 1 • (1 
o. 278 121. 5 
0 • -;:_ 71;,. i:::: 2 . (I 
0 • 2 7 5 l :;: 2 • :. 
0. 273 1 ·:::3. (l 
0 • 2 7 l 1 ::: ·3 • 5 
0.270 1-:::4.(1 
0 • :: 6 8 1 ~: 4 • 5 
( 1 • 2f:..7 135. (1 
o. ~6:1 1 ::::5. 5 
(I. 264 1 ;:~ . . (1 
o. ::e:.2 i.;:(: .• 5 
( 1 • 2 6 1 1 ::;: 7 • ( 1 
o. 259 l ·:n. s 
0. 25::: 1 ::: :::. (l 
(J. 256 1 ::.: :::. '3 
0. :::5:, i · :: : ·~ · . ( l 
0. :25::: 1 ·::: ·::-, . : . 
( 1 • 252 14(1. (l 
0 .. 250 140.5 
o . 2 4 s· 1 4 1 • o 
o. :: 4 :: : 1 4 l • S:i 
0 • 2 4 6 1 4 :2 • ( 1 
0 .. 245 14.::.s 
0 • 2 4 ;: 1 4:::: • 1) 
o . 2 4.:: 1 4 ·::: • 5 
0. 241 1 44. (' 
0 • 2 :;: 9 1 4 4 • :. 
0.238 145.0 
0 • 2 :;< (:. 1 4 i:;; • ~. 
0. 23':· 14l .• (1 
0 • 2 3 4 1 4 t: .• 5 
0.2:?2 147.0 
0.231 147.5 
0 • 2 :;: (l 1 4 ::: • (l 
0. 2 29 1 4 :=: • 5 
0.227 149.0 
C>.226 
o.::2s 
C>.223 
0.222 
0.221 
(l. 220 
o.::1s 
0.217 
0.216 
o. 21 ~. 
C>.214 
149.5 
1 ':1(1. 0 
150. 5 
151.0 
151. 5 
15::. (1 
15.2.5 
15 ·~:. (l 
15~:. 5 
15.ll. 0 
15 ·~. 5 
F:ATI 0 DEN·:::TY 
0 • 2 1 2 . 1 5 ':1 • 0 
0 .. 211 155.5 
0. 21 (I 15(: .• (l 
o. 20')1 15(:.. 5 
(t. 20:::: 157. 0 
0.206 157.5 
0. 20':· 15~:. ( 1 
C>.:?04 158.5 
0 • 2(r:;: 1 5 '? • 0 
1) • 2 0.:: 1 !:· 9 • 5 
(! • 2 0 1 1 b o . (1 
0.:2(1(i 160.5 
( 1 • 1 ·;i :=: 1 6 1 • (l 
0.197 161.5 
o. 19t. 1(::.2. (l 
o. 1 95 162. ':1 
0 • 1 '? 4 1 t. :;: . (1 
0 . Fr;: 1 (:.-?, • 5 
0 • 1 9 2 E · 4 • (' 
0 • 1 '? l 1 6 4 . ':1 
(l. 1 S-10 16':·. (i 
o. 1 ::: ·;;. 165. 5 
O. 1 8 t: 1 ~.(:.. C• 
C>. 1t:7 166. 5 
( 1 • 1 :;:: ( 1 ~. 7 • (! 
o. 1 :::~. 1 /.:.7. 5 
(l • 1 :=: 4 1 ,:. e . (1 
(l • 1 ::;: : : 1 6 3 • 5 
(l • 1 :;:: 2 1 t · 9 • (I 
(l • 1 8 1 1 t- ·~1 • 5 
0.1:::0 170.0 
(> • 1 7'? 1 7 0 • 5 
0 • 1 7 f:.: l 7 1 • (I 
0.177 171.5 
I) • 1 7 /:. 1 7 2 • (l 
') • l 7 :. 1 7 2. 5 
0 • 1 7 4 1 T:.: • 0 
o . 1 T::: i r:.:. s 
0.172 174.0 
0.171 174.5 
(l • 1 7 (: 1 7 -=· . 1) 
0.169 175.5 
0. 1 t.::: 176. 0 
0.167 171:...5 
o. 11:..1;. 177. 0 
0.165 177.5 
(1.164 17:3.0 
0.163 178.5 
0.163 179.0 
0.162 179.5 
DENSITY IN LBS/CU-FT =-LOGNCCRATIO -0.021 )/ 1.332J/ 0.0~25 
COUNT: DENSITY 1872:107.2 1275:133.6 970:164.3 
RATI 0 DENSTY 
2.e20 eo.o 
2.797 80.5 
2. 775 e:1. o 
2.75~ 81.5 
2.730 82.0 
2. 7<)8 82. 5 
2. t.:=!7 83. 0 
2. (:.(:.':. 83. 5 
2.C.22 84.5 
2. 559 E!t .• 0 
2 • : . ~: '? 8 6 • 5 
::: • 4 7 ~· :=:e • o 
2.4:?e 89.o 
2 • 4 1 ~? t: ·.~ • 5 
::.: . ;: ·;:•) 
2. ; :t_r:i 
2. 341 
.-) ·-=- .-_,.-, 
..... ·-·--
2.304 
-. ,..··=·C" 
.... ~ ·-· -· 
2. 2t.7 
.:.212 
2. 194 
2. 177 
90.0 
90.5 
91. 0 
91. 5 
92.0 
9.2.5 
9:;:. 0 
93.5 
94.0 
94.5 
95.0 
95.5 
96.0 
2.!59 96.5 
2. 14:2 . 97. 0 
2.124 97.5 
2.107 98.0 
2.0'?CJ 98.5 
:2.073 99.0 
2. 0':16 9?. 5 
2.040 100.0 
2.C12'3 100.5 
2.007 101.0 
1. 991 lOl. 5 
1.974 102.0 
1 • 95E: 1 02. 5 
1.943 103.0 
1. 927 103. 5 
1. 911 104. 0 
1.896 104.S 
107 
TABLE 11 
TRANSMISSION AT 4 INCHES DEPTH 
RATIO DENSTY 
1.880 105.0 
1.865 105.5 
1. E:50 106. 0 
1. 83':· 106. 5 
1. 82(1 107. 0 
1 • :;: 0 5 1 0 7 • 5 
1 • 7 9 1 1 0 E: • 0 
1.776 108.5 
1.762 109.0 
1.747 109.5 
1 • 7 3 -;: 1 1 (I • 0 
1.71'? 110.5 
1. 70':· 111. 0 
1 • f:. 9 1 1 1 1 • 5 
1 • (:. 7 :=: 1 1 2 • (l 
1.t.&4 112.5 
1.(:.50 113.0 
1. ~.:;:7 11 ~:. 5 
1.6:24 114.0 
1.611 114.5 
1. ':·'7'7 l l ':1 • 0 
1 • 5 :=:4 1 1 : .• 5 
1 . 5 7 1 1 1 (: . • 0 
l . : . 5 •::) 11 6 • 5 
1 • ':·46 11 7. (I 
1 • :.33 11 7. 5 
1. ':·.21 1 i::::. 0 
1 • so::: 11 ;:: • 5 
1 • 4 91;.. l 1 9 • ( 1 
1.484 11':1 .5 
1.47:2 120.0 
1.460 120.5 
1. 448 121. 0 
1. 4::::6 121. 5 
1.424 122.0 
1.413 122.5 
1. 401 12:3. 0 
1. 390 123. 5 
1. ::::78 124. (I 
1.31;.7 124.5 
1 • ~:56 1 25. 0 
1.345 125.5 
1. 334 126. (1 
1. 32::: 126. 5 
1.312 127.0 
l • :::o 1 127. 5 
1. 291 128. 0 
1. 280 12:::. 5 
1.270 129.0 
1.259 129.5 
RATI Cl DEl'ETY 
1. 24'? 1 ;:o. c1 
1 . 2::::9 1 ::::o. '::· 
1 • 2 2 :3 1 ~: 1 • ( 1 
l • :: 1 fi 1 :::: 1 . 5 
1. 20::: 1 ::::2. 0 
1 • 1 '?:=: 1 3:2. 5 
1. 18<:'1 1-;::::: . 0 
1 • 1 7 Q 1 ~: ·::: . 5 
1 . 1(:. ~) 1 3 ~ . u 
1 • 1 t. (l 1 ::: 4 • 5 
l • 15(> 1 ; :5. (1 
l • 1 41 1 ·:::: •. 5 
l • i:::: 1 1 ::::( .. (l 
l • 1 2.:.: 1 :;: .:::. • : ; 
1 . 1 i:=: 1 ·; : 7 . (l 
1.103 137.:1 
1 • (104 1 ·;::~:. (1 
1 • (1::::5 1 3 :?,. ':· 
1 • 0 7 6 1 ;: ·~· • C• 
1. o .~. 7 1 :?.·::,,. s 
1. c1-:.·~:· 140. c1 
1. 0':.(l l 4 ~). 5 
1 • ( 14 1 14 ! . 1_1 
1 • 0 ~: ·~ 1 4 1 . 5 
1. 0?4 14:2. 0 
1 • (l H:· 1 4 .2 • ':~ 
1. (l(l7 14 :: . () 
o. 99 ·~1 1 4 ::: • 5 
0. '?91 14 4. (1 
0 • ·;.· :=: 2 1 4 4 • 5 
0. '? 7 4 14 ~.:.. (1 
(l.~66 145.5 
o. ·:::·sc: 14 c. o 
o.~·so 146.5 
0.942 147.(l 
o. 935 14 7. 5 
(l • 9 2 7 1 4 t: • (I 
(> • ~' l ·~1 1 4 :.:: . 5 
0.911 149.0 
o. 0 o4 14'?1 • 5 
0 • 8 9 6 1 ~.c) • (_) 
o. :::~:'_:J l 50. 5 
0. t::.:: 1 15 1 • ( 1 
0. :=:7 4 151. 5 
. 0. :::6 7 15::::. (1 . 
(>. :~:(::.(> 1 ~·2. 5 
o. :=:s2 15::::. o 
0.845 153.5 
o. 83:::: 154. (l 
(l • 8 :: 1 1 ~"4 • 5 
RATI 0 DEN'::TY 
o. 824· 155. 0 
(l • :=: 1 7 1 ~· :; • 5 
0. :=: 11 156. (l 
0.:304 ist .. 5 
0.797 157.0 
0. 790 157. ~. 
0 • 7:=: 4 1 5 ::.: . 0 
I) • 7 7 7 1 5 :.::: • 5 
0 . 7 7 l 1 '=· ·::· • (1 
r) • 7 b 4 l 5 9 • 5 
( 1 • 75:? l (/1 • c: ~ 
0. 75.:.: U:·O . ':1 
0 • 7 4 ":· E· 1 • 0 
o. 7'3 '71 t.'.:· l. 5 
0 . 7 ;: ::: 1 (: . ..::.: • u 
(l. 7::7 lt.::. 5 
0. 720 1~.::::. (' 
(l • 7 1 4 1 6 ·::: • 5 
(l. 70:::: 1 (:.4. (' 
(> • 7 ( 1 .::· 1 6 4 • 5 
o . 6 s· .1:.... 1 (:. '=· • o 
O. (:. S' 1 16:•. r_:; 
o. t.f:::; 1 6/: .• 0 
O. b7S· 1 :~.(:.. ':1 
( 1 • t.. 7 3 1 (:, 7 • (l 
o. t.(:. :.:: 1 (;.7. :. 
(i. t_ .. : .::: 1 (:.8. (l 
0.6':··~· 168.":1 
(l • 6 5 1 1 (::=-: • 0 
0 • 6 4 : ; 1 6 ·~1 • 5 
(l • l.4 (i 1 7 (l • 0 
I) • t;.::: 4 1 7 0 • 5 
( 1 • (;.::·;: l 71 • (l 
0 • t-2 4 1 7 1 • -=· 
0 • l · l ~· 1 7 2 • 0 
0. u ·::: 1 7-::.. 5 
o. 60t:: 17:3. 0 
0. t. (l :;.: l 7 ,.._..,, . -=· 
0 • 5 "?: :~ 1 7 4 • (I 
(l. '592 174. 5 
0. 5:::7 1 7':·. (I 
C>. 5t:.2 175. 5 
0 • 5 7 7 1 7 6 • ( 1 
0.572 176.5 
( 1 • 5 6 :?, 1 7 7 • (I 
o. 56:: 177. ".:· 
0 • 5 5 8 1 7 ::: • (1 
o. 55:: 178. 5 
o. 54f: 179. 0 
0.544 179.5 
DEN"=:ITY IN LB'=:/CU-FT =-LOGN[<RATI0+0.(1 4·~· )/lU.21~.J/ 0.015'? 
COUNT: DENSITY 9200:107.2 5968:133.6 3574:164.3 
RAT! 0 DENSTY 
2.244 80.0 
2.:!::.2 90.5 
:: . ::o 1 81 • 0 
2. 17'~ 81. 5 
2. 1 ~.~: 82. 0 
2. 1 :::::: 82. 5 
2. 11 7 83. 0 
2.097 83.5 
2.077 
2.057 
2.037 
2.017 
1. 99~: 
1. 978 
1. 9~.9 
1. 941 
1.~22 
l • 9t)3 
1. :::85 
1 • t: ~ . 7 
1. E:4'? 
l. f :31 
1. 8L:· 
l . 7'?6 
1.779 
1. 761 
1.744 
1. 728 
1.7~1 
1. t 095 
1. t.7E: 
1. b62 
1. ~At· 
1. 6::0 
1.614 
1. 5·:::· -? 
1. 5 :=::3 
1. 568 
1 • 55"3 
84.0 
84.5 
85.0 
85.5 
86.0 
86.5 
87.0 
87.5 
88.0 
88.5 
E:9.0 
89.5 
90.0 
90.5 
91. (I 
91. 5 
c;·2. 0 
92.5 
93.0 
93.5 
94.0 
94.5 
95.0 
95.5 
96.0 
96.5 
97.0 
97.5 
98.0 
98.5 
99.0 
1.5?8 99.5 
1.523 100.0 
1.508 100.5 
1.494 101.0 
1.479 101.5 
1.465 102.0 
1.451 102.5 
1.437 103.0 
1. 423 1C>3. 5 
1.409 104.0 
1.396 104.5 
108 
TABLE 12 
TRANSMISSION AT 6 INCHES DEPTH 
RATIO DENS'TY 
1 • ~:8:: 1 (15. 0 
1. 369 l 05. 5 
1 • 3S:16 1 (l(: .• 0 
l . 34 ?. l o.: .. 5 
l. ~::3(> 107. 0 
1. 317 107. 5 
1.304 108.0 
1. 291 l 08. 5 
1. 27'~ 109. 0 
l. 266 109. 5 
1.254 110.0 
1.242 110.5 
1 • 230 111 • (I 
1 • 2 1 ~: l 1 1 • ~. 
1 • 2 0 ~. 1 1 2 • 0 
1 . 1 ·;rs l 1 2. 5 
1. 183 113. (I 
1.17:2 113.5 
1 • 16(1 114. (I 
1.149 114.5 
1 • 13C: l 1 5. 0 
1. 127 115. 5 
1. 116 11 i: .• 0 
l. l 05 11 t:... 5 
1. 094 117. 0 
1.084 117.5 
1.07?: 118.0 
1.063 118.5 
1 • 0 5 :::: 1 l S' • 0 
1.042 119.5 
1.032 120.0 
1.02.:? 120.5 
1.012 121.0 
1. 00:?. 1::1. 5 
0 • '? 9 :~: 122 • (I 
0.983 122.5 
0.974 123.0 
0.964 123.5 
o. s:·55 124. 0 
0.946 124.5 
o. ~·3t. 125. 0 
0.927 125.5 
0.918 12(:..0 
0.90~J 12(:..5 
0.900 127.0 
0.892 127.5 
0.883 128.0 
0.874 128.5 
0.866 129.0 
0.858 129.5 
RAT I 0 DCN ·: .1 Y 
(l • 8 4 ~· 1 :::: (l • u 
0.841 130.':1 
(I • 8 3 ::: 1 ::.:: 1 • u 
0. 8 2 5 1 ::.:: 1 . :. 
0. E: 1 7 1 3::'.. (• 
0 • t: <) 9 l 3::: . 5 
0 • 8 0 1 1 :::: ~: • (l 
0.793 1:::3.5 
0.78i:1 134.(1 
o. 7 7 :?. 1 3 4 • :; 
0 • 7 7 0 1 ::: ~· . (1 
0.762 135.5 
0. 755 13(: .• ( l 
0 • 7 4 :?, l ::: 6 • :. 
0.740 1 :~ : 7.(1 
o . 7 ,:n 1 ::: 7 • 5 
0. 726 L:: :::. ( 1 
0 • 7 1 9 1 · :.:::=~ • 5 
0. 712 13~ ... (l 
0 • 7 (15 1 : : ? . 5 
0. 6 '?:=: 14(1. (! 
(l • 6.;:) 1 1 4 !) • 5 
0.684 141.0 
0 . <.'.:. 7 :=: 1 4 j • 5 
0. 671 142. (1 
o. (;.(:.''5 142. 5 
0 . (:. 5 :::: l 4 ::;:: • (I 
0 • 6 5 2 1 4 ·::: • 5 
(l. {:.45 144. 0 
0.639 144.5 
(I • (:. 3 :~: 1 4 : . • 0 
o. 6'26 14 15. 5 
0.620 146.0 
(l • (:. l 4 l 4 t. . 5 
o. 60:=: 14 7. 0 
C>. 602 l 4 7. :-. 
0 • ':· 9 (:. 1 4 :::: • (1 
0.590 148.5 
o. 585 14'~1 • 0 
0 • 5 7 9 1 4 •'.:",i • 5 
0 • 5 7 ~: 1 5 0 • (l 
0.568 150.5 
0. 562 151 . (1 
0.556 151 .. 5 
0.551 152.0 
C>.546 152.5 
o. 540 1 ~·3. 0 
0.535 153.5 
0.530 154.0 
0.524 154.5 
F:AT I Ct DEN·=:T Y 
0.519 155.0 
0.514 155.5 
o. 509 15(: . • 0 
o. 5(>4 156. 5 
0. 49·:1 157. 0 
(1 • 4? 4 1 5 7 • 5 
0. 4t:'7' 15:: ·. ( 1 
o. 484 15:::. 5 
0 • 4 ::: I) 1 5 9 . (l 
0.475 159.5 
0.470 160.0 
0. 46~. 160. 5 
0 • 4 t . 1 1 6 1 • (l 
0 • 4 : .. ~ . 1 (;. 1 • 5 
o.~52 1-:.2.u 
0. 447 162. : . 
(l • 4 4 3 1 6 ::: • (I 
0. 4 ~:·? 1:::.3. 5 
(1. 4 :;:4 164 . (> 
0 • 4 ~: (l 1 6 4 • : . 
0. 4 2 6 1 ~. 5 . 0 
0.421 lt.5.'::~ 
(l • 4 1 7 l (;. ·~· • 0 
0 • 4 1 ; : 1 6 -~· • s 
0. 4 1) 9 H:.?. (l 
0.405 167.:. 
0 . 4 0 1 1 (:. :3 • (i 
0. ~:97 1 (:.:=:. :. 
(l. ·; '. 9.:: 1 ~.·~,' . ('1 
0.389 169 .. 5 
0. 3:::5 l 7 o. 0 
o. :::s 1 1 70. s 
(I • :::: 7 :::: 1 7 1 • 0 
I) • :~: 7 4 1 7 1 • 5 
(I • :~: 7 (l l 7 2 • (I 
0.366 172.5 
o. :;:~.3 l. 73. (' 
0.359 17'.:::.:. 
0 • :;: ~· l · 1 7 4 • (: 
o. 34f: 175. 0 
o. 34:, l 75 .. : ; 
(I • ~: 4 2 l 7 (.. (! 
o. 33:=: 176. -=-· 
o. :3 '35 1 77. (I 
o. :::3 l 1 77. 5 
( 1 • 32:=: 178. ( 1 
0.325 178.5 
0. :321 179. ( 1 
(I. 31 :=: 1 7 ''i'. 5 
DEN·=: I TY IN LB~:/ CU-FT =-LOGN( <RAT IO+ 0. ('1 t. > / 10. 494 JI 0. 0192 
COUNT: DENSITY 6716:107 .. 2 40:3:133.6 2189:164.3 
RATI Cl DENSTY 
1.664 80.0 
1.643 80.5 
1 • (:. ~ ::: 8 l • 0 
l • l· C> 3 8 1 • 5 
1. 584 E:2. 0 
1.5(:.4 82.5 
1.54':· 83.(1 
1. 526 83. 5 
1.507 84.0 
1. 48'~ 84. 5 
1.471 85.0 
1. 453 85. 5 
1.43':· 86.0 
1.417 86.5 
1 • 4 (I (l i:: 7 • 0 
1 . ::::=:? 
1. ?t.t. 
1.34':.i 
1. :::3::: 
1. 31 7 
1. 3 1) 1 
1. :::::-::. 
1. 2':·4 
} • 2 ·:::~: 
1. 22~: 
1. 20:=: 
l • 1 ·~4 
l • 1 7'? 
l . 1(:.5 
l. 151 
l • l 37 
1. 123 
1 • 1 o·::;, 
1 • o·:=i t. 
87.5 
E::=:. 0 
::::3. 5 
89.0 
90.0 
90.5 
91.(l 
'711 • 5 
92.0 
92.5 
93.0 
94.0 
94.S 
95.0 
95.5 
96.(l 
96.5 
97.0 
1 • (l 8 ::: 9 7 • 5 
1.(17(1 98.0 
1.057 98.5 
1.044 99.0 
1.031 99.5 
l. 019 100. 0 
l • (H) .:. l 00 a 5 
0.994 101.(l 
0.98:2 101.5 
0.970 102.0 
0.959 102.5 
(1.947 103.(l 
o. 93~. 103. 5 
0.924 104.(1 
0.913 104.5 
109 
TABLE 13 
TRANSMISSION AT 8 INCHES DEPTH 
RATIO DENSTY 
0.902 105.0 
0. ::: '? l 1 05 • 5 
0. E:E: l 1 Ot .• 0 
0.870 106.5 
o. :=:t.(1 107. ( 1 
0 • ::: 4 9 1 0 7 • 5 
0. 8 '39 1 08. (I 
0.829 108.5 
0.819 109.0 
o. c:o-;o 109. 5 
o. eor:> 1 1 o. o 
0.790 110.5 
0 . 7 ~: 1 1 l 1 • 0 
0.771 111.5 
0.762 112.0 
0.753 112.5 
0.744 113.0 
(l • 7 3 :. 1 l :::: • 5 
0. 721;.. 114.(1 
0.718 114.5 
0.709 115.0 
0.701 115.5 
(l. t .92 116. (I 
(l • b :3 4 1 l 6 • :. 
0 • l· 7 t. 1 1 7 • I) 
0.668 117.5 
(I • t. 6 (l l 1 8 • 0 
0.652 118.5 
0.645 119.(1 
0.637 119.5 
0. 62~' 1 20. (1 
O.t.22 120.5 
0 . l 0 1 ~. 1 2 l • 0 
0 . 6 (1 7 1 :: l • 5 
0.6(10 122.0 
C>.~·93 122.5 
0.5E:t. 12::3.0 
0.579 123.5 
0.572 124.0 
0.56(:. 124.5 
0. 55'? 125. (> 
(l. 58:·3 125. 5 
o. ~·4t. 126. 0 
o.~.40 12c..5 
0. 5::::3 127. (> 
0.527 127.5 
o. ~·21 128. 0 
C>.515 128.5 
o.509 12~.o 
0.503 129.S 
RAT I Cr DEN~: T Y 
o. 497 l ~:(•. (J 
0.4'?1 13!).5 
0 • 4 E: l · 1 :? l . (I 
·(> • 4 :=: !) 1 ::: 1 . 5 
0 • 4 7 4 1 :::: ..:: . (I 
C>. 4 (:.~I l 32 o 5 
o. 464 13~! . (1 
0 • 4 5 8 1 3 ::: • 5 
0. 4'53 1 34. 0 
0.448 134.5 
0. 4 4::: 1 35. (1 
0.437 13':·.C:· 
0 • 4 3:: 1 3 t · • (1 
(>. 4;::7 1 ·::: .::; .• 5 
(I • 4 2 :~: 1 ::: 7 • (1 
o. 418 137. 5 
(l • 4 1 3 1 3 t : • 0 
0 • 4 (1:3 1 3 ~: . 5 
0. 4 (14 l ·::: Q. 0 
(> • 3 9 9 l :;: ·~ • 5 
0. :::94 14 0. (l 
o. 39(! 14(1. :. 
(l. 38':· 1 4 1 • (l 
(l. 3~: 1 l 4 1 . 5 
(l • :3 7 7 1 4 2 • (1 
o. 372 14:::. ~. 
0. 3l0 8 1 4::::. (l 
o . 3 (;. 4 l 4 ::: . :. 
0 • .36 1) 144.0 
0. 35(:. 144. 5 
(l • 35 2 1 4 : .• 0 
0 • 3 4 :?, l 4 5 • 5 
0. 344 146. (l 
0.34•) 146~5 
0. 33t· 147. (l 
0.33'3 147.5 
0.329 14f:.(l 
o. 325 14:=:. :. 
0. ::::22 14 ~· . 0 
0 • :3 1 8 1 4 ·~1 • 5 
0 • -:::: 1 ~; 1 5 (l • (1 
0 • :;: 1 1 1 5 ') • 5 
0. 308 1 51. (l 
o. ·304 151.5 
0.:301 152.0 
o·. 29~: 1 52. 5 
0.294 153.() 
(> • 2 9 1 1 5 ~: • 5 
0.288 1~4.(1 
0.285 154.5 
RAT IO DEN'.:::TY 
0. 2:=:::: 155. 0 
o. 27:=: 155. 5 
0.275 156.0 
0.272 15(: .• 5 
(I • 2 7 (\ 1 5 7 • 0 
(1. 2(;.7 157. 5 
0 • 2 .:A 1 5 :=: • 0 
o. 261 1 :.:::. :. 
0. 25:::: 15·:1 • 0 
o. :25C:· 159. :. 
o. :::s.::: 160. 0 
o. 25 1: ) 1 60. 5 
( 1 • 2 4 7 1 (:. 1 • ( 1 
(1 • :· 4 4 1 6 1 • 5 
(I • 2 4 2 1 t. 2 • (> 
o. 2 :?·~1 16-:.!.. 5 
(l • 2 ::: 7 1 t . :::: • (I 
o. 234 l t.::::. 5 
(I • 2 '3 2 1 6 4 • ( 1 
0 . 2 2 ·~i l 6 4 . 5 
0.227 165.0 
0.225 165.5 
(l. 22:· 166. 0 
r) • :: :: (I 1 t_ .. s . 5 
I) • 2 i:::: 1 (:. 7 • (I 
0.215 167.5 
0 • 2 l :~: 1 .:. ::: • c 
(l • 2 l 1 l (: . :=: • 5 
( 1 • 20·:. 1.:.·~. (l 
0.2(1(:, 16'?'.5 
(l • 2 0 4 l 7 (l • (' 
(l • 2 (I 2 l 7 o . ~. 
(i. 20(1 171. 0 
(> • 1 9 :=: 1 7 1 • 5 
0 . 1 .,.. (_:. 1 7 2 • (l 
o. 1 C.1 4 172.. 5 
c . 1 ·;.· 2 1 7 ~· • (l 
o. 19•) 1 7~:. 5 
(I • 1 ~: ::: 1 7 4 • 0 
(I • i:::: .:. 1 7 4 • 5 
0.184 175.(! 
(l • 1 :::: 3 1 7 : •• 5 
0 • 1 ::: 1 1 7 6 • 0 
(l • l 7 '"ii 1 7 6 • -=· 
(l • 1 7 7 1 7 7 • (1 
0.175 177.5 
o. 174 17'2!. 0 
0.172 178.5 
0.170 179.0 
C>. 16'~ 179. 5 
DENSITY IN LBS/CU-FT ;-LOGNC<RATIO -0.037 )/12.259J/ 0.0252 
COUNl:DENSITY 4338:107.2 2?18:133.6 . 1168:164.3 
APPENDIX B 
LISTING OF PROGRAMS 
REM 
REM 
INIT 
PAGE 
PRINT 
INPUT 
111 
THIS PROGRAM UTILIZES THE LEAST SQUARE TECHNIQUE 
FOR FITTING A CURVE Y=F<X> BETWEEN A GIVEN SET OF DATA POINTS. 
"DO YOU WANT TO MAKE A COPY ?" 
YS 
IF YS="YES" THEN 190 
Q=32 
GO TO 
Q=20 
PAGE 
PRINT 
PRINT 
PRINT 
PRINT 
PRINT 
PRINT 
PRINT 
PRINT 
INPUT 
PRINT 
PRINT 
PRINT 
PRINT 
PRINT 
PRINT 
PRINT 
INPUT 
PRINT 
PRINT 
INPUT 
PRINT 
M=Ml 
200 
@Q: II 
@Q: 
@Q: II 
@Q: II 
@Q: II 
@Q: II 
l!'Q: 
@Q: II 
N 
@Q:" 
@Q: II 
@Q: 
@Q: II 
@Q: II 
l:!IQ: II 
@Q: 
Ml 
j~Q: II 
l!'Q: 
M2 
l!tQ: II 
ENTER: .. 
N=~ FOR A POWER FUNCTION Y=A•x .. ···B, 11 
N=l FOR AN EXPONENTIAL FUNCTION Y=A*EXP<B*X). 11 
FOR A PO~YNOMIAL Y=C +C *X+C *X ·'·· 2+ •.•. +C *X''N, II 
1 2 3 N+l 11 
N=NUMBER OF TERMS IN THE POLYNOMIAL." 
N=";N 
ENTER DATA POINTS: II 
M: NUMBER OF PAIRS OF DATA." 
Ml: NUMBER OF X-DATA. II 
M2: NUMBER OF Y-DATA." 
112 
710 DATA 104. 37, 100. 26, 104. 58, 105. 84, 101. 97, 106. 48, 101. 57, 98. 26, 103. 64 
720 DATA 102.78,106.04, 101.41,101.59,98.18, 101.59, 100.58,97.73,100.85 
730 DATA 96,97.35,99.78 
740 REM DRY DENSITY DATA FROM NUCLEAR GAUGE 
750 DATA 104. 1,102.47, 105.3,103.4, 104.03, 102.33, 104. 16, 102.74, 100.64 
760 DATA 102. 84, 100. 16, 104.19, 105. 33, 101. 74, 105. 77, 101. 19, 98. 53, 103. 25 
770 DATA 103.41, 105.08, 100.94, 100.64,98.01, 101.44, 101.6,97.64, 101.18 
780 DATA 95.98,97.62,99.84 
790 IF M2=M1 THEN 830 
800 PRINT "THE NUMBERS OF X-VALUES DOES NOT CORRESPOND· .. 
810 PRINT 11 TO THE NUMBERS OF Y-VALUES. 11 
820 STOP 
830 PRINT @Q: 
840 REM CALCULATE LO~RITHMS OF X- AND Y- VALUES IF NECESSARY · 
850 IF N=>2 THEN 930 
860 FOR I=1 TO Ml 
870 Y<I>=LOG<Y<I>> 
880 NEXT I 
890 IF N=l THEN 930 
900 FOR I=l TO Ml 
910 X<I>=LOG<X<I>> 
32:21 NEXT I 
930 REM CALCULATE THE ELEMENTS OF A-MATRIX AND D-VECTOR 
940 REM Nl: NUMBER OF SIMULT ANEOUS, LINEAR ALGEBRAIC EQUAT IONS 
950 Nl=N 
960 IF N1=>2 THEN 980 
970 N1=2 
980 DIM A ( N 1, N 1) , D < N 1 ) , B < N 1, N 1) , C < N 1 ) , X 1 ( M > , Z 1 ( M) 
990 A=0 
112100 D=0 
1010 FOR !=1 TO Nl 
1020 FOR J=l TO Nl 
1030 IF l+J>2 THEN 1060 
: l-40 A<I.J>=M 
1 ~50 GO TO 112180 
.060 FOR K=l TO M 
1070 A<I,J>=A<I.J)+X(K) A(I+J-2) 
~ 080 NEXT K 
109i2J NEXT :f 
!100 FOR K=l TO~ 
1110 IF I>l THEN 1140 
1120 DCI>=D<I>+Y<K> 
1130 GO TO 1150 
1140 DCI>=D<I>+YCK>*X<K>A<I-1> 
1150 NEXT K 
1 160 NEXT I 
1170 REM PRINT SIMULTANEOUS EQUATIONS 
1180 PRINT @Q: 
1190 PRINT @Q: 11 COEFFICIENTS IN SYSTEM OF LINEAR EQUATIONS" 
1200 PRINT @Q: 
1210 FOR I=1 TO Nl 
1220 FOR J=l TO Nl 
1230 PRINT ~Q:A<I,J> 
1240 NEXT J 
1250 PRINT @Q:D<I> 
1260 PRINT @Q: 
1270 NEXT I 
1280 REM SOLVE SIMULTANEOUS LINEAR EQUATIONS 
1290 B=INVCA> 
1300 C=B MPY D 
1310 INPUT AS 
1320 PAGE 
1330 REM PRINT EQUATION FOR CURVE FIT 
1340 IF N>l THEN 1410 
1350 Cl=EXP<C<l>> 
1360 IF N=l THEN 1400 
113 
1370 .:>RINT @Q: "POWER FUNCTION: Y=" ;C1; "*X .... ·" ;C<2> 
1380 GO TO 1570 
1390 PRINT @Q:"EXPONENTIAL FUNCTION: Y=";Cl;"*EXP< 11 ;C<2> ;"*X) II 
141l10 GO TO 1570 
1410 IF CC2>=>0 THEN 1440 
1420 PRINT @Q:"POLYNOMIAL FUNCTION: Y=";C<l> ;"+";CC2> ;"*X"; 
1430 GO TO 1490 
1440 PRINT @Q:"ONE EMPIRICAL EQUATION GIVEN BY THE FOLLOWING" 
1450 PRINT @Q: 
1460 PRINT @Q: "POLYNOMIAL FUNCTION: Y=" ;C ( 1); II + II ;C (2); "XII 
1470 PRINT @Q: 
1480 PRINT @Q: 11 CORRELATES THE DATA OBTAINED FROM THE TWO METHODS." 
1490 IF N=2 THEN 1560 
15~0 FOR I=3 TO N 
1510 IF C<!>=>0 THEN 1540 
1 5 2 '21 p R I NT @Q : c ( I ) ; II * x /'. II ; I - 1 
1530 GO TO 155fll 
1541ll PRINT @Q: "+" ;C <I>; 11 *X'' 11 ; I-1; 
1550 NEXT I 
1 5 f, Ill P R I NT t!I Q : 
1570 REM PRINT INPUT VALUES OF X AND Y AND CALCULATED VALUES OF Y 
1580 IF N=>2 THEN 1560 
1590 FOR 1=1 TO M 
161l10 Y<I>=EXP<Y<I>> 
1610 NEXT I 
1520 IF N=l THEN 1650 
1630 FOR 1=1 TO M 
1 EAfll X < I > =EXP < X < I > > 
1550 NEXT I 
1 b 5121 P R I NT 1!' Q : 
1570 REM DETERMI~ATION OF ThE SUM OF SQUARE ERRORS 
:t.80 5=0 
: 530 PR I NT @Q: II SAND CONE II, II NUCLEAR GAUGE II' II CALCULATED VALUE II 
171l10 FOR I=l TO M 
1710 IF N=>2 THEN 1770 
1720 IF N=l THEN 1750 
1730 Yl=Cl*X<I> AC(2) 
1740 GO TO 1810 
1750 Yl=Cl*EXP<C<2>*X<I>> 
1760 GO TO 1810 
1770 Y1=C<1> 
1781ll FOR J=2 TON 
1790 Yl=Yl+C(J)*X{I)A(J-1) 
181l10 NEXT J 
~810 S=S+<Y<I>-Y1) A2 
1820 PRINT @Q: 
1830 PRINT @Q:X<I>,Y<I>,Yl 
1840 NEXT I 
1851Z! PRINT @Q: 
l850 PRINT @Q:"SUM OF SQUARE ERRORS=";S 
1870 PRINT @Q: 
1880 PRINT 1]tQ: 
1890 PRINT @Q: 
1'300 X0=0 
1'310 Y0=0 
1920 FOR I=l TO M 
1930 X0=X0+X<I> 
1'340 Y0=Y0+Y<I> 
1950 NEXT I 
1950 X0=X0/M 
1970 Y0=Y0/M 
1980 PRINT @Q:"THE ARITHMETIC MEAN FOR THE SAND CONE DATA IS 11 ;X0 
1'390 PRINT @Q: 
2000 PRINT @Q: 11 AND FOR THE NUCLEAR GAUGE DATA ITS VALUE IS 11 ;Y0 
2010 X1=0 
2020 Z1=0 
2030 FOR 1=1 TO M 
2040 Xl<I>=<X<I>-X0>A2 
2050 Z1<I>=<Y<I>-Y0)A2 
2050 NEXT I 
2070 X2=0 
2080 Z2=0 
2090 FOR I=1 TO M 
2100 X2=X2+Xl<I> 
2110 Z2=Z2+Z1<I> 
2120 NEXT I 
2130 X2=X2/M 
2140 Z2=Z2/M 
2150 51=5QRCX2> 
2150 Dl=SQR<Z2> 
2170 PRINT @Q: 
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218121 PRINT ~Q:"THE STANDARD DEVIATION FOR THE SAND CONE DATA IS 11 ;Sl 
21'30 PRINT @Q: 
2200 PRINT @Q:"AND FOR THE NUCLEAR GAUGE DATA ITS VALUE IS ";D1 
2210 INPUT AS 
2220 PAGE 
2230 VIEWPORT 2,10121,2, 11210 
2240 IF L=2 THEN 2280 
2250 IF L=3 THEN 230~ 
226121 WINDOW 100, 115, 100, 115 
2270 GO TO 2310 
2280 WINDOW 4.5,9.5,4.5,9.5 
22'30 GO TO 2310 
2300 WINDOW 95, 107.5,95, 107.5 
2310 AXIS 2.5,2.5 
2320 FOR I=l TO M 
2330 IF L=2 THEN 2350 
C-340 H=0. 1 
2350 GO TO 2370 
2350 H=0.03 
2370 MOVE X<I>+H,YCI) 
2380 DRAW X<I>-H,Y<I> 
2390 MOVE XCI>,Y<I>+H 
2400 DRAW X<I>,Y<I>-H 
2410 NEXT I 
2420 X2=0 
2430 X3=115 
2440 MOVE 0,0 
2450 MOVE X2,C(1)+C<2>*X2 
2460 DRAW X3,C<1>+CC2>*X3 
2470 INPUT AS 
2480 PAGE 
2490 NEXT L 
2500 END 
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1e0 RE:M T~IS P~OSRAM COMPUTES THE WE:T DENSITY, DRY DENSITY, MOISTURE 
110 F.=::l". 
1~e R~~ CO~TENT AND PERCENT OF CO~PACTION FRO~ THE RC:ADINGS OBTAINED 
1 ~Q. RE~ 
140 ~E~ ~y THE: CPN MC-1 NUCLEAR GAUGE. 
l 5 1! i;=::t'<, 
1 £e Ii ... i 7 
17e; ~hGE 
16~! p;::--.T "DO YOU WANT TO OBTAIN A COPY DIRECTLY FRCJIY: Tt-:E: PRWTErt '"" 
.:. .z 12, : F v=. = 11 YE:S •· THEN 23l· 
.:.10 G=2.:. 
2.:.12. G~ IG 240 
c=·.Z· ;:;:~< I 1~D: " E!'.i!E; THE DENSITY STANDARD COUNT D0: 11 
cbll· I"' Cw T DI.?· 
.:. n: v=·'(: ~" 1 @ci: 11 Dit= 11 ; Dill 
C.';Jl PR:~~; @Q: 11 Et\TER TH=: ~OISTURE STANDARD COU\iT Mill: " 
22·iZ: : ~,' P!...:i M~ 
222 ;:,~If\ T IEC:: II E t'-.:T E~ THE DC:NS ITY F IEL..D COUNT D 1: II 
250 PR:i:t\T @:i: "D1= 11 ;Dl 
2£.e; ~:;,: :-.: -;- i:~:;:;i: 
270 P~Il\T @Q: 11 Et\TER THE ~OISTURE FIELD COU'\JT M:i.: 11 
2321 P~: ~T @Q: "Ml=" ;Ml 
40~ p; If\: 1:!10: 
~rn PR:NT @Q:"ENTER THE TYPE OF MEASUREMENT <AC FOR ASi=>HA:_nc CONCRC:TE ;J 
i.::=.e Pr:\:L~: @~: 
430 Pi=::LNT @Q: "OR CON:RETE, BS FOR BACKSCATTER OR TR FOR TRA:\Si\1!SSIGf\'. ): 11 
4~~ P~: !\I _@Q: 
uSiZ' ~ ~PJT T$ 
~512' P ;:, : NT @G!: T$ 
~ 7e1 f;=:~ 
4E0 ~EM FIELD COUNT 
43~ RE~ co~~~TI~G THE RATIO =------------------
sie R~~ STANDARD COUNT 
51 e1 REI"'; 
522' F\il·=D 1I0121 
53121 Rl=M:/~0 
54e: RE:M 
550 REM CALCULATING THE WET DENSITY 02 FROM THE EQUATION OF THE 
5E-IZ• RE:f'r: 
570 RE:M APPROPRIATE DENSITY CA~IBRATIDN CURVE 
5Se. i;Eti-1 
5~2· IF T$= 11 AC 11 THEN 610 
£-Z10 GD TO 63~ 
£10 D~=-~OGCCR0-0.034>12.887)/0.0129 
620 GO TO BE,C 
c3e1 !F T$= 11 BS 11 THEN 650 
640 GO TO 670 
£50 D2=-LOG<<R0-0.021>11.332)/0.0125 
tSE.121 GO TO 860 
670 T .. = 11 TR 11 
6Be PR I NT 1]tQ: 
£9~ PR~NT @Q:"SPC:CIFY THE DEPTH D OF MEASUREMENT:" 
n..il.1 If\.PUT D 
710 PRINT @Q: "D=" ;D; II !NCHES" 
720 IF D=2 TH~N 740 
73121 GO TO 750 
740 D2=-LOGCCR~+0.075>/8.49)/0.~132 
7S0 GO TO 860 
750 IF D=4 THEN 780 
770 GD TO ae1:Z1 
780 D2=-LOGCCR0+0.046)/10.216)/0.0159 
7'30 GO TO BE,0 
600 IF D=6 THEN 820 
810 GO TO 840 
8 2 0 D2=-LOGCCR0+0.015)/10.494)/0.0192 
83iZ1 GO TO 86k'.1 
840 IF D=S T~~N 850 
850 D2=-LOG<CR0-0.037>112.259)/0.0252 
8E,0 REM 
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870 REM CALCULATIN3 THE MOISTURE M2 <IN PCF> FRO~ THE EQUQTIGN OF TH~ 
E80 RC::-ii 
8~0 REM ~OISTURE CALIBRATION CURVE 
9 0 0 ~2=48.7583*R1-2.8614 
91121 REM 
5~0 R~M CALCU~ATI~G THE DRY DE NSITY DJ 
'320 RErfa 
9 '+0 D3=D2-jt'; .=: 
'350 f;EM 
':
1Gl?1 REM CALCULATING THE PE RC ENI OF COMPACT I ON IF NEEDC:D 
S70 REM 
9 F; :Zl DR I NT t~Gl: 
53 -Zl PR H H 1~Q: "DO YOU WANT TO Fil\!D THE PERCENT GF COMPASTION :YES Or' 1\0',.. 
l 12'0 J IN iJUT A$ 
101 0 PRINT @Q:AS 
11212 0 IF A$= II y ES II TH EN 104 0 
1030 GO TO 1 (1921 
~IL4 0 PRINT IE[,i: 
10 50 PRI ~T @~: 11 ENTER THE MAX. DRY DENSITY D'• G IVC:N BY ih::: PRGCTO~ TEST: 11 
h:::S 1?l H~ ;JUT D4 
107121 PRINT @Q: II REFERENCE PROCTOR= II; D4; II PCF II 
1~2 J C0=D3/D4*100 
1(.':13 REM 
1100 ~EM CAL::ULHTI !'6 TH£ PERCENT t't'iO I STU RE CO l\i lE t~T W 
1 ~ J..;:1 REM 
1120 W=M2/D3*100 
11 3 :?' PR I NT t!J Q : 
1 1': G PR I NT 1~Q: 
! 1 S :ZI PR I NT 1!-i Q : 
1150 PRINT 1~Q: 
1170 p RI NT IEQ: 
1 18 0 PR I NT 1Ji Q : 
11912" IF A$="YES" THEN 1250 
~C.e1J PRINT @J.: 1'kET DENSITY 
: 210 p R INT IE Q : II ( p CF ) 
1 C. 2 0 PNil\iT 1IsQ: "-----------
DRY DENSITY 
<PCF> 
1230 ~VAGE (1X,3D.4D,7X,3D.4D,7X,3D.4D> 
1240 PRINT @Q: USING 1230:D2,D3,W 
lc50 END 
MOISTURE II 
( y.) 
----------II 
1250 PRINT @Q: 11 v!ET DENSITY DRY DENSITY COMPACTION 
1270 PRINT (!IQ:" CPCF> CPCF> <Y.> 
1280 PRINT @Q:"----------- ----------- ------------
1290 IMAGE C1X,3D.4D,7X,3D.4D,7X,3D.4D,9X,3D.4D> 
1300 PRINT @Q: USING 1290:D2,D3,C0,W 
1310 END 
MOISTU ·~:::: II 
( y.) 
----------It 
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